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Abstract 
Oxygen is a vital molecule for life and its precise quantification is pivotal to ensure correct functioning 
of cells. Instruments able to quantify accurately the oxygen levels are extremely important to 
understand cells behaviour especially in a three-dimension (3D) environment, where uneven 
distribution of oxygen can occur leading to zones of low cell viability. Optical oxygen sensing is a 
relatively recent method to monitor oxygen concentration. This approach exploits the emissive 
behaviour of a broad family of molecules (organic species and organometallic complexes), for which 
the luminescence emission is proportional to the quantity of oxygen present in the environment. 
Unlike methods based on the use of electrodes, optical oxygen sensing allows monitoring of oxygen 
levels without causing oxygen depletion in the observed sample and can be more easily applied in 
miniaturised devices.  
Metalloporphyrins are widely employed as optical oxygen sensors thanks to their favourable physico-
chemical properties. The aim of this project was to synthesise a library of oxygen-sensing porphyrins 
to monitor variation of oxygen in 3D cell cultures. For this specific application, the chromophore 
needed to (1) be a platinum or palladium complex to ensure oxygen response, (2) present a suitable 
functional group to allow conjugation to a support (e.g., a biomacromolecule supporting the 3D cell 
construct) to avoid leaching and cell uptake, and (3) water-solubility to allow conjugation in aqueous 
solutions. 
We first focused our attention on the synthesis of tetra meso-substituted porphyrins bearing a 
carboxylic group as the conjugatable function on one of the beta-positions of the macrocycle. This 
approach was overall successful in terms of yield and reaction conditions, but the side-chain proved 
insufficiently stable to allow further manipulation of the species. Attention was then directed to the 
synthesis of asymmetric porphyrin A3B, bearing the conjugable group on one of the meso-substituted 
aryl ring. Novel positively and negatively charged water-soluble conjugatable porphyrins were 
developed during this work, obtained from a single high-value intermediate. The new species 
presented overall good yields employing relatively mild reaction conditions, via a synthetic procedure 
with gram-scale applicability. In addition, in this work the synthesis of two known water-soluble 
conjugatable porphyrin was improved and scaled-up. Platinum (II) and palladium (II) insertion in the 
water-soluble macrocycles was achieved employing a microwave-assisted reaction, which ensured 
reaction completion in short times. Finally, a high potential purification approach based on ion 
exchange was developed for cationic and anionic water-soluble derivatives. This method allows 
obtaining highly pure compounds employing cheap reagents and without the use of expensive 
purification instruments. The conjugation of the species to the proteins chosen as matrices for 
hydrogels (silk fibroin and collagen) was performed via N-hydroxysuccinimide chemistry.  
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Oxygen response of the complexes synthesised was tested both in aqueous solution and supported 
on protein-based hydrogels. Most species showed oxygen-dependent fluorescence and linear Stern-
Volmer plot supported on solid support, indicating their suitability to monitor the oxygen levels in a 
heterogeneous system such as a hydrogel. To the best of our knowledge, this work represents the first 
example of optical oxygen measurements in silk fibroin hydrogels.  
 
The objectives of this work were: (1) to synthesise and characterise a library of platinum (II) and 
palladium (II) complexes of water-soluble and conjugatable porphyrins, (2) to test their responsiveness 
to oxygen both as stand-alone probes and as protein conjugates in hydrogel materials.  
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INTRODUCTION 
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Oxygen, together with water, is one of the key molecules for existence of life as we know it. It allows 
cells to release energy through respiration. Not only the presence of oxygen is fundamental for life, 
but its concentration also plays a crucial role. The Earth’s atmosphere contains 20.8 % of oxygen, and 
if this value drops below 17 %, asphyxia can occur leading to death. For few months a picture circulated 
on social media showing a piece of iron covered in rust, with the sentence: “This is rust. It is called 
oxidation and it is caused by oxygen. We breathe oxygen every day. If it can do that to a metal pipe, 
imagine what it can do to your lungs and health. Share to help raise awareness about the danger of 
oxygen”.1  
 
Image credit from reference 1  
Obviously, this was merely a pun aimed at making fun of the recent unfortunate spreading of alarmist 
crusades void of any scientific bases and common sense, but despite the apocalyptic tones of the 
sentence above, excess of oxygen is indeed dangerous for life. Hyperoxia (a state characterised by 
excessive supply of oxygen to tissues and organs) is highly toxic to cells and can be exploited for 
specific therapeutic applications.2,3  
Monitoring the oxygen levels in cultured cells and artificial tissues is a tool of the trade in 
biotechnology and in regenerative medicine. To ensure successful growth of a functional tissue from 
a 3D aggregate of cells, from a spheroid or from cells seeded in a matrix, the supply of oxygen needs 
to be carefully monitored and kept constant between appropriate values, which are dictated by the 
cell type and by their metabolic status.4 Areas in which the oxygen tension is too low (hypoxic zones), 
which can arise from a non-uniform distribution of the cells within the scaffold, are incompatible with 
cell growth and differentiation. Similarly, cell proliferation is prevented in areas where the oxygen 
tension is too high, leading to cell damage through oxidative burst.4 Ensuring that the supply of oxygen 
is sufficient and constant throughout a scaffold hosting a 3D cell culture is pivotal for the viability of 
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the cells.5 Oxygen, like nutrients, can have a relatively low diffusion rate within cells construct, and if 
the oxygen consumed by the cells is not replaced efficiently, zones of lower oxygen tension can arise 
determining a different behaviour to the cells in the core of the construct compared to those close to 
the surface.5 Therefore, oxygen tension must be constantly monitored to assess the suitability of a 
material for cell growth and proliferation, and ultimately if the material could be employed as scaffold 
in tissue engineering.  
Traditional methods for oxygen measurement are based on titration,6 amperometry,7 
chemiluminescence8 and thermoluminescence.9 For many years, Winkler titration has been 
considered the standard method for oxygen measurement (Figure 1). 6,10 This approach involves the 
addition of two solutions to the oxygen-containing sample, the first one containing manganese (II) 
sulphate and the second one potassium iodide, sodium hydroxide and sodium azide to suppress the 
nitrite present, that otherwise would react with the iodide interfering with the analysis. In the 
presence of oxygen, Mn2+ is oxidised to Mn3+ causing a precipitate of manganese (III) hydroxide. 
Sulphuric acid is then added, leading to the oxidation of iodide ions by Mn3+ to molecular iodine, later 
titrated with a thiosulfate solution. The iodine concentration is directly proportional to the amount of 
oxygen dissolved. Therefore, titrating the iodine allows determining the concentration of oxygen in 
the sample.  
The method, however, presents non-negligible disadvantages. For instance, the result is strictly 
dependent on how the sample is handled and how well the system is sealed, because any oxygen that 
is introduced in the sample once the analysis has started will alter the result. In addition, the sample 
should not contain any oxidising or reducing agent that can interfere with iodine or manganese ions, 
changing the amount of oxygen detected. 
 
Figure 1: Winkler’s titration example 10 
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Despite its overall popularity, the Winkler titration has been replaced by approaches based on the use 
of Clark-type electrodes.7 The Clark-type electrode employs a platinum cathode, where the oxygen is 
reduced producing an electric current proportional to the partial pressure of oxygen (Figure 2).11  
 
Figure 2: Clark’s electrode 11 
Clark electrode is a very robust and popular approach for oxygen detection, but it presents several 
major disadvantages that limit its applicability to measurement in cells and tissues. Despite 
considerable efforts invested in the miniaturisation of the electrode, its bulkiness makes it unsuitable 
for measurements in cells or spheroids. As with most electrodes, the detection of low levels of oxygen 
in microscale samples can be affected by electrical interferences, but the most serious issue associated 
to the use of Clark electrode is determined by the fact that the measurement causes oxygen depletion 
in the sample under observation, thereby potentially affecting its behaviour.12 Thus, especially for 
applications in regenerative medicine, new and improved techniques for monitoring oxygen levels are 
highly desirable. 
1.1 Optical Oxygen Sensors 
A technique suitable to measure oxygen in microscale biological samples should be non-invasive, 
highly specific for oxygen to avoid interferences with other analytes and it should show sensitivity and 
responsiveness in biologically relevant oxygen concentration range. The possibility to report real-time 
variations in oxygen concentrations and to carry out parallel measurements and multi-sample analysis 
would be highly desirable features.13 The approach that better combines all the above features is 
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called optical oxygen sensing. Optical oxygen sensing (OOS) is a relatively recent oxygen sensing 
strategy but thanks to its features, it gained fast popularity and it is replacing the traditional 
polarographic methods. Optical oxygen sensors present faster response to changing concentrations 
of oxygen, they are less prone to electrical interferences and they only cause a transient limited 
oxygen consumption in the sample during the analysis.14 In addition, optical oxygen sensors are 
relatively cheap, simple to use and can be easily incorporated in miniaturised devices. 
 
1.2 How does an optical oxygen sensor work? 
In 1985 a new optical method to monitor oxygen concentration in biological samples was developed, 
based on the collisional quenching of the excited state of pyrene butyric acid by molecular oxygen.15  
Excited states of molecules are generated following the absorption of electromagnetic radiation (hv, 
Figure 3).  In the absence of a quencher, the excited species can follow two main pathways to lose 
energy and decay back to the ground state: it can dissipate the energy through vibrations (non-
radiative decay) or it can emit photons by photoluminescence, which includes fluorescence and 
phosphorescence. Fluorescence (F) is the radiative transition between electronic states that possess 
the same electron spin multiplicity (S1 → S0), while phosphoresce (P) is the radiative decay from the 
triplet excited state to the ground state (T1 → S0), involving intersystem crossing (ISC) as shown in 
Figure 3. Since ISC is a forbidden transition according to the selection rules (triplet-to-singlet),16 triplet 
state lifetimes and phosphorescence are typically longer than excited singlet lifetimes and 
fluorescence (10-6 to 102 s vs. 10-9 to 10-7 s). 
 
Figure 3: simplified Jablonski diagram showing the quenching of the excited triplet state by energy transfer to oxygen  
In the presence of the quencher, the excited state can also be deactivated through collisions with 
quencher molecules. This additional pathway for decay reduces the luminescence intensity. Molecular 
oxygen is a very efficient quencher of excited states for most organic molecules. The reason for this is 
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still matter of intense debate, but it was suggested that paramagnetic oxygen induces ISC in the 
excited species, reducing the extent of luminescence decay. Collisional quenching can be static or 
dynamic: in static quenching the excited species associates with the quencher forming a complex that 
is non-emissive, whereas in dynamic quenching the collision results in an energy or electron transfer 
between the two species. For the purpose of this work, only dynamic quenching will be discussed. 
Dynamic oxygen quenching is described by the Stern-Volmer equation (Equation 1), which states that 
the ratio between luminescence intensity (or triplet lifetime) in the absence and presence of the 
quencher is proportional to the concentration of the quencher. In Equation 1, o and  are the 
luminescence intensities, and 0 and  are the triplet lifetimes in the absence and in the present of 
oxygen, respectively. [O2] is the concentration of oxygen, while kq is the bimolecular quenching rate 
constant. 
/ = / = 1 + kq[O2] 
Equation 1: Stern-Volmer equation 
The Stern-Volmer equation is the equation of a straight line, which can be used to determine 
graphically the constant rate of the quenching (KSV = kq). Intensity-based measurement and lifetime-
based measurement can be used interchangeably to obtain the Stern-Volmer equation if purely 
dynamic quenching occurs in the system under observation. When the lifetimes are measured, the 
luminescence quenching is followed in time-resolved domain,17 whereas steady-state measurements 
follow the changes in luminescence intensity.15,18 Time-resolved measurements are generally more 
reliable, as they are not influenced by the background fluorescence and less affected by changes in 
emission intensity caused by non-specific environmental parameters. On the other hand, steady-state 
measurements can be carried out with simpler and cheaper instrumentation.19 
Figure 3 shows the quenching of an excited triplet state (T1) by molecular oxygen leading to energy 
transfer between the two species, which results in the non-radiative decay of the molecule to the 
ground state (S0) and the excitation of ground state oxygen (triplet, 3O2) to its triplet state (singlet 
oxygen, 1O2*). It is important to note that molecular oxygen quenches excited singlet states as 
efficiently as triplet states, but the longer lifetime of triplet state allows the excited species to interact 
with oxygen present in a larger diffusion range. Crucially, the decay from triplet state is significantly 
slower than the collisional quenching rate: this makes phosphors with long triplet lifetimes useful 
oxygen sensors because the efficiency of the process is limited by the diffusion of oxygen in the 
sample.12  
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1.3 Chromophores for Optical Oxygen Sensing  
A striking variety of chromophores for OOS has been developed over the last few decades. In some 
cases, the chromophores have been conceived to be used in oxygen measurements inside cells,20 but 
most commonly they have been associated to different supports to obtain oxygen sensing materials 
for a wide range of applications (e.g., industrial, technological and biomedical). Considering the 
relevance to this work, only the latter case will be discussed. Developing oxygen-sensing materials 
presents an additional challenge, because the performance of the final sensor does not solely depend 
on the efficiency of quenching of the excited chromophore but also on the characteristics of the matrix 
(i.e., its permeability to oxygen, interaction with the chromophore etc.).  
The most important and essential part of an optical oxygen sensor, however, is the chromophore, as 
it provides oxygen responsiveness. The many different chromophores employed as oxygen sensors 
can be divided in two main categories: organic and organometallic species.  
1.3.1 Organic optical oxygen sensors  
This class of sensors includes species presenting extended conjugated π systems, responsible for their 
oxygen sensitive properties. These species were employed in the early days of the OOS development, 
but their use has now declined. The non-negligible disadvantages of organic sensors are the need to 
use UV light for their excitation and their small Stokes shift. The latter causes a strong background 
noise and limit their applicability especially in biological samples. In addition, they display low 
brightness, long decay times and poor solubility in most polymeric matrices. For the above reasons, 
new and improved molecules presenting better stability and sensing properties have slowly replaced 
organic species. Two main sub-categories of organic optical oxygen sensors are worth mentioning: 
• Polycyclic aromatic hydrocarbons (PAHs): this class of organic dyes was instrumental to develop 
the very technique of optical oxygen sensing. They were mostly dissolved and incorporated in 
polymer matrices. The structures of most popular PAHs are shown in Figure 4. Pyrene21 1 and its 
anchorable derivate pyrenebutyric acid 2 were successfully employed as probes for oxygen 
dissolved in bio systems,22–24 as were perylene,25 perylene dibutyrate (respectively 3 and 4),19 
benzoperylene 526 and decacyclene (DCY)  6.27–29 6 has a good photostability, a large Strokes shift 
and the possibility to be excited with visible light, compared to other UV-excitable PAHs. 
• C60 and C70 fullerenes (7 and 8 in Figure 4) have been employed in OOS. Thanks to their extended 
conjugated system they display excellent delayed fluorescence, and have been exploited to build 
sensors capable of detecting oxygen at concentrations of the order of ppb.30,31 C70 fullerene 
resulted in a more sensitive sensor compared to C60.32  
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Figure 4: most commonly employed organic dyes with relative structure 
 
1.3.2 Organometallic optical oxygen sensors 
Organometallic complexes have nowadays replaced almost completely the organic PAHs.33 These 
species show strong luminescence with long lifetimes, good photostability, absorption in the visible 
region and large Stokes shifts, so that no interactions with the exciting light occurs, which is important 
especially for biological applications. In this class of fluorophores, the triplet lifetime is increased 
thanks to metal-ligand charge transfer (MLCT), allowing enough time for the excited state to be 
quenched at low concentrations of oxygen, affording high sensitivity of the probe. It has been shown 
that the physico-chemical properties of these species, such as excitation and emission wavelengths, 
can be tuned by structural modifications to obtain materials with optimal features for the required 
application. Oxygen-sensing organometallic complexes can be divided into three main categories: 
polypyridyl complexes, cyclometalated complexes and metalloporphyrins.12  
Polypyridyl complexes  
This category comprises polypyridyl complexes with different metal ions coordinated, i.e., ruthenium 
(II), osmium (II) and rhenium (I). 
Ruthenium (II) polypyridyl complexes are characterized by absorption in the visible region of 
the spectrum, more specifically in the blue region, around 400-450 nm. They display long lifetimes 
with relatively large Stokes shifts, showing a response to oxygen measurable both in steady state and 
in time-resolved fashion. Their photophysical properties, such as excitation and emission wavelengths 
11 
 
or triplet quantum yield, can be tuned by modification of the ligands. These species are characterized 
by net charges, which make them soluble in hydrophilic polymers. By changing the counter ions from 
chlorides to more lipophilic ones, such as dodecyl sulphate, the solubility in organic polymers such as 
silicon rubbers (the most employed polymer matrix) notably improves.34 A more homogeneous 
distribution of the chromophore in the matrix usually results in improved brightness of the sensors. 
The most common ruthenium (II) polypyridyl complexes are shown in Figure 5, many of which are 
commercially available or are straightforward to synthesise. 
 
Figure 5: most common employed ruthenium (II) polypyridyl complexes 
• Ruthenium (II) tris(bipyridine) dichloride 9 presents good properties, such as excitation in the 
visible region with light emitting diodes (LEDs) sources and large Stokes shift emitting in the red 
visible region.35  
• Ruthenium (II) tris(1,10-phenanthroline) dichloride 10 (Figure 5) similarly to 9 possesses excitation 
and emission wavelengths in the visible spectra, but slightly larger molar absorption.36,37 10 has 
been employed also as temperature optical sensor.38 Variation in the temperature and in oxygen 
concentration can be followed by monitoring the changes in lifetimes of the excited-state of the 
complex.38 
• The last complex shown in Figure 5, ruthenium (II) tris(4,7’-diphenyl-1,10-phenanthroline) 11 is 
the most employed among the ruthenium polypyridyl complexes.13,39 11 presents better 
photostability, longer luminescence lifetimes, higher brightness and quantum yield compared to 
the other two ruthenium (II) complexes.40  
These chromophores were modified to obtain conjugatable oxygen probes that were covalently linked 
to a polymer matrix to circumvent leaching. 10 has been provided with acrylamide groups to allow its 
polymerisation within the polymer matrix.41 9 has been covalently linked to sol-gel42 and ormosil43 
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films employing triethoxysilane groups as a anchoring moieties. Conjugation of the dyes to the 
polymer matrix remarkably improves the stability of the sensors, preventing the leaching and 
preserving the probe for a longer time. Some ruthenium-phenanthroline complexes, crystallized with 
hydrophobic counterions such as PF6-, showed oxygen response in solid state.44,45 The detection was 
possible because enough empty space is present in the crystal structure, as confirmed from a lower 
oxygen response of a crystal grown from a racemic mixture, compared to the enantiomerically pure 
one.46 The crystal shows linear trend of oxygen response and good stability. The fact they can be 
directly employed as solid-state probe is an enormous advantage as no polymeric matrix is required. 
A further advantage arises from the fact that the dimensions of the crystal determine the size of the 
probe. 
Osmium (II) polypyridyl complexes have been employed as oxygen probe to obtain optical 
oxygen sensors. Compared to the ruthenium analogues, these species have the advantage of being 
excitable in the red region of the visible spectrum.47 This advantage is essential for in vivo applications, 
due to the better penetration of the red light in the tissue, compared to the blue light required to 
excite ruthenium complexes. Osmium (II) polypyridyl complexes present better photostability than 
the ruthenium ones, despite the shorter lifetime that limits their use only in highly oxygen-permeable 
polymers.48 Importantly, osmium (II) complexes are extremely toxic and they must be covalently linked 
to the polymer matrix to avoid leaching and subsequent toxicity to cells. As in the case of ruthenium 
(II) complexes, the main ligands resulted to be -diimine, such as bipyridine and 1,10-phenanthroline 
(see Figure 5 for ligands).49  
Rhenium (I) polypyridyl complexes are sensors that coordinate only one polypyridyl ligand, in 
addition to carbonyl ligands needed to enhance their luminescence.50 They display large Stoke shift, 
high luminescence and long lifetimes, despite their poor photostability.51 The photophysical 
properties of these complexes depend strictly on the ligand nature.52 The most common complexes 
(12 and 13) are shown in Figure 6.  
Optical oxygen sensors have been built employing also other less common and more expensive metals 
complexed with polypyridyl complexes, such as europium,53 terbium54 and gadolinium.55 
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Figure 6: most common employed rhenium (I) polypyridyl complexes 
Cyclometalated complexes  
Cyclometalated complexes of iridium (III) and platinum (II) have also been employed as probes for 
OOS. They generally display strong luminescence with high quantum yield, large Stokes shifts and good 
photostability. They differ from the class of polypyridyl complexes because they present metal-carbon 
bonds with the ligands. 
Iridium (III) cyclometalated complexes gained popularity over the recent years, mostly thanks to 
development of a cheap and versatile light source: Light Emitting Diodes (LEDs).33 
• Ir(ppy) (14, Figure 7) displays a green luminescence trapped in a fluorinated polymer,56 and its 
sensitivity proved to be dependent by the matrix employed.57 
• Ir(ppy-NPh2)3 15 displays better solubility in organic polymers,58 thanks to the additional phenyl 
rings, and better photostability compared to 14. The complex can be excited with red light. 
Iridium (III) complexes with coumarin ligands bearing different heteroatoms have been synthesised.59 
A general structure is shown in Figure 7, where X can be either N-methyl (16), oxygen (17) or sulphur 
(18). Their main advantage, compared to complexes 14 and 15, is the higher molar absorption 
coefficient in the blue part of the spectrum, responsible for their strong brightness. The photophysical 
properties of the sensors can be tuned changing the substituent X, showing a red shift in the order N 
> O > S.59  
Example of iridium (III) cyclometalated complexes covalently bound to the matrix have been reported. 
Complex 14 was bound to the polymer matrix after replacement of one phenylpyridyl ligand for a 4-
vinylpyridine and a chloride.60 The vinyl moiety was exploited during the polymerization process to 
covalently link the dye to the polymer matrix. In a similar approach, 14 has been endowed with 2-(4-
vinyl)-phenylpyridine, and 17 with a polymerizable allylacetoacetate group, replacing the 
acetylacetonate group (acac).61  
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Figure 7: most common employed Iridium (III) cyclometalated complexes 
Platinum (II) cyclometalated complexes have been employed as oxygen probes in OOS after the 
introduction of LEDs, as in the case of iridium (III) complexes. The main advantage of platinum (II) 
cyclometalated complexes compared to the iridium analogues is the absence of net charges. The 
neutral character of these molecules renders them insoluble in water, preventing possible leaching of 
the dye in aqueous environments. In parallel, their solubility in organic polymer is enhanced.  
• Pt(thpy) (19 Figure 8) was successfully trapped in a polydimethylsiloxane (PDMS) matrix, and 
it could be excited with blue LEDs, but it showed poor molar absorption.62 
• Compound 20 and 21 presented dual emission: one fluorescence band not affected by oxygen, 
and a phosphorescence emission band sensitive to oxygen. Compound 21 showed a longer 
lifetime.63 
• Compound 22 is one of many differently R-substituted compounds synthesised as oxygen 
probe, but the only one to display a near infrared (NIR) emission at 638 nm.64 
• Compound 23 is one of few examples of charged platinum (II) cyclometalated complexes. It 
shows dual emission: fluorescence emission at 677 nm and phosphorescence at 732 nm.65 
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Figure 8: most common employed platinum (II) cyclometalated complexes 
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Metalloporphyrins 
Tetra-meso-substituted porphyrins  
The third group of organometallic optical oxygen sensors discussed here comprises platinum (II) and 
palladium (II) complexes of porphyrins. Thanks to their exceptional properties, this class of dyes 
became the most popular for obtaining optical oxygen sensors. These species show a very strong 
phosphorescence at room temperature, with high triplet quantum yield and long lifetime.66 The triplet 
state of porphyrins is efficiently quenched by oxygen and the compounds generally show moderate 
to good photostability, enhanced by the presence of fluorine atoms.67 Metalloporphyrins are 
characterized by a strong absorption band around 400 nm (Soret band), and weaker bands at 
wavelengths higher than 500 nm (Q-bands). Metalloporphyrins, as well as free porphyrins, show very 
large Stokes shifts, which eliminate the possibility of overlap between the excitation and the emission 
bands. The triplet lifetimes of metalloporphyrins are in the order of hundreds of nanoseconds, and in 
the case of palladium porphyrins they can reach microseconds, which make the latter species suitable 
to sense traces of oxygen.68 On the other hand, platinum complexes show higher quantum yield 
compared to palladium complexes.  
As in the case of the chromophores described above, the photophysical properties of 
metalloporphyrins can be tuned by structural modifications of the macrocycle to optimise the 
response to oxygen in the environment required by specific applications.69 Platinum and palladium 
porphyrins are neutral complexes, allowing for a better solubility in organic polymers and limited 
leaching from the polymer into aqueous solutions. Similar to other oxygen sensing chromophores, 
porphyrins can be covalently linked to polymer matrices employing a wide array of chemistries. For 
instance, the nucleophilic substitution of the para fluorine atoms in meso-
tetrakis(pentafluorophenyl)porphyrin (TFPP) and its derivatives (79c, 27 or 28, Figure 9) has been 
widely explored, as well as the carboxylic groups of meso-tetrakis(4-carboxyphenyl)porphyrin (TCPP) 
and its derivatives (30, 31 or 32, Figure 9).  
Platinum (II) octaethylporphyrin (25) shown in Figure 9, is perhaps the most studied macrocycle as 
optical oxygen sensor.70 25 has been extensively employed as oxygen probe in association to various 
polymers, such as polystyrene,71–73 poly(vinyl chloride) (PVC),74 sol-gels75,76 and many other different 
matrices.70,77–80 25 displays very strong phosphorescence at room temperature, with high triplet state 
quantum yield and long lifetime. Thanks to its remarkable brightness, it can be employed in small 
amounts to produce very thin films. 25 shows good solubility in most organic polymers and solvents, 
yielding a homogeneous distribution inside the matrix and therefore a uniform brightness. 
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Figure 9: structures of oxygen-sensing metalloporphyrins 
Further applications of 25 include its deposition as a solution on glass surfaces and its absorption into 
oxidized porous silicon layers to build oxygen sensing materials for application in microelectronics.81 
25 has been embedded in a fibre-optic sensor to monitor the oxygen levels in the digestive tract 
mucosa.82 The fibre-optic was coated with 25 dissolved in poly(ethyl methacrylate) (PEMA) yielding a 
sensitive probe that could withstand sterilisation and particularly suitable for mucosal measurements. 
25 has been combined with 5-hexadecanoylamino-fluorescein, a pH sensitive molecule, and with 
quantum dots (QDs) to develop a ratiometric optical sensors to simultaneously monitor pH and oxygen 
concentrantion.83 Exciting the sensor with a 405 nm LED source elicited emission at 650 nm (from 
oxygen-sensing 25), at 520 nm (from pH-sensing fluorescein) and at 460 nm (reference signal from 
QDs), yielding simultaneous information on oxygen concentration and pH. In addition, 25 has been 
employed to build sensors to simultaneously monitor oxygen and carbon dioxide concentrations.84 8-
Hydroxypyrene-1,3,6-trisulphonic acid trisodium salt (HPTS) and 25 were absorbed in PEMA, and 
when the sensor was excited by blue light at 470 nm, two fluorescent peaks were detected, one at 
515 nm and one at 645 nm. The peak in the green part of the spectrum (515 nm) was relative to the 
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partial pressure of CO2, while the peak in the red part (645 nm) corresponded to O2.84 The 
commercially availability of the dye contributed to its popularity and promoted its use as oxygen 
probe. However, 25 presents a non-negligible disadvantage: a marked photo-instability that drastically 
reduces the durability of the sensing device it is incorporated in.75 
Palladium (II) octaethylporphyrin (26, Figure 9) has been less employed as oxygen probe compared to 
25. Palladium porphyrins display very long lifetimes thanks to the increased spin-orbit coupling,66 and 
therefore they are suitable to detect trace levels of oxygen. However, their sensitivity is so high that 
they can be used to detect higher level of oxygen only if previously embedded in a polymer matrix 
with low gas permeability. 26 is commercially available, but it can be easily synthesised from the free 
base 24 (also commercially available) and a palladium source (PdCl2 or Pd(OAc)2).79 26 has been 
dissolved in many different matrices, such as PVC and ethyl cellulose,74 fluoropolymers78 and different 
fluorine-containing poly(aryl ether ketone)s.79 26 shows linear Stern–Volmer plots at low oxygen 
concentrations, and higher values of I0/I compared to 25. 
As mentioned above, the photostability of metallo-octaethylporphyrin is very low due to the photo-
oxidation caused by the singlet oxygen produced during the sensing process (Figure 3). The 
introduction of halogens atoms in the molecular structure reduces the electron density on the ring, 
rendering the molecule less prone to photo-oxidation.67 However, the presence of halogens causes a 
reduction of the triplet quantum yield and lifetime. Amongst halogens, fluorine proved ideal as it 
increased notably the photostability of the porphyrin while leaving almost unaffected other 
photophysical properties.33  
Derivatives of 79c (Figure 9) are widely employed to obtain OOS materials. The strong electron 
withdrawing effect of the pentafluorophenyl rings causes a very low electron density on the ring, 
resulting in a reduced susceptibility to photo-oxidation by singlet oxygen.67 Platinum complex 27 
(Figure 9) trapped in a polystyrene matrix showed less than 10% degradation after 50 hours of 
continuous irradiation at 507 nm.67 27 displays high brightness and a long triplet lifetime, but its 
photostability made it particularly suitable for applications that require high light intensity and long 
exposure time, such as microscopy85 and fibre-optic sensing.86 27 has been absorbed in 
polystyrene/poly(vinylpyrrolidone) core-shell particles, and employed with a temperature probe (29, 
Figure 10) incorporated in low gas permeability polyacrylonitrile (PAN) microparticles to build a new 
water-based fluorescent paint.87 Oxygen pressure and temperature were detected simultaneously 
after excitation at 405 nm with a LED source, and the two emission signals (519 nm 29, 658 nm 27) 
were separated by almost 140 nm.87 The paint was employed to monitor pressure and temperature 
in the aerospace industry.87 27 has been widely employed in pressure-sensitive paints,88–90 but also 
embedded in sol-gels of different nature86,91,92 and other matrices.93,94 The brightness of this species 
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can be enhanced by light harvesting antennae, which are molecules that absorbs light and efficiently 
transfer it to the dye.95 Palladium complex 28 (Figure 9), as in the case of octaethylporphyrin (OEP), 
has been less employed than its platinum analogue: its extremely long lifetime (in the order of 
milliseconds in solution) makes it suitable to measure nanomolar concentrations of oxygen.96,97 Its 
emission is almost entirely quenched at atmospheric levels of oxygen.68  
 
Figure 10: structure of Iridium 2-phenylpyridine carbazole 
TCPP (30 in Figure 9) is a further example of a porphyrin substrate to obtain oxygen sensors. The 
palladium complex 32 has been more frequently used than the platinum analogue 31, probably due 
to its commercial availability and ease of metal insertion, which can be performed in mild reaction 
conditions with a palladium (II) salt such as PdCl2.98 32 was bound to albumin through the carboxylic 
groups and the resulting complex was used to measure oxygen from air concentration to 0%.99 In a 
similar approach, albumin conjugate of 32 was employed to simultaneously sense oxygen and as a 
photosensitizer.100 32 was also absorbed on different matrices, such as alumina plates,101 silicon 
membranes to detect oxygen partial pressure in blood streams,102 chitosan nanoparticles103 and 
organically modified silicate made of TEOS/octyl-triEOS composite xerogel, showing linear detection 
in the 0-100 % oxygen range.  
The platinum complex 31 was absorbed on alumina plates101 and was also employed to build the first 
luminescent metal-organic frameworks (LMOFs).104 It showed linear oxygen response, and it could be 
excited by UV light (365 nm) displaying a red emission (655 nm).104 
Alongside the use of perfluorinated derivative mentioned above, an alternative approach to increase 
the photostability of oxygen sensing porphyrins consists in oxidising the macrocycle with osmium 
tetroxide (OsO4) to obtain a porphyrin ketone.105 Octaethylporphyrinketone (OEPK), 33 in Figure 9, is 
a highly photostable porphyrin. Derivative 34, the corresponding platinum complex, was incorporated 
in matrices such as PVC and polystyrene (PS).106,107 This species exhibit a bathochromic shift in the 
absorption (max from ca. 400 nm to 570-600 nm) with a NIR emission peak. This property is particularly 
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useful for oxygen measurement in biological samples, due to reduced interferences from auto-
fluorescence with the sample.108 Compound 34 and 35 display good quantum yield and lifetime, 
despite the relatively poor brightness. 
Meso-tetrakis(pentafluorophenyl)porphyrin lactone TFPPL (36 in Figure 9) shows very weak 
photodegradation, even lower than 79c, which has been attributed to the effect of the lactone 
group.109 Similarly to 33, this porphyrin displays a red-shifted emission. The dye can be synthesised 
starting from 79c, reacted with silver nitrate and oxalic acid in refluxing acetic acid.110 Interestingly, a 
derivative of 37 functionalised with polyethylene glycol (PEG) chains on the para position of the aryl 
rings, has been employed to measure the pH of water samples.111 Crucially, comparable oxygen-
sensing properties are displayed by the zinc (II) and the gallium (III) analogues. All the complexes were 
incorporated into a Nafion® membrane.111  
-extended porphyrins 
 
Figure 11: structures of oxygen-sensing extended porphyrins 
Meso-tetraphenyl-tetrabenzoporphyrins (TPTBP) are NIR emitting dyes characterized by an extended 
aromatic system condensed on the porphyrin structure which is responsible for a red shift in the 
emission,112 and for enhanced brightness and photostability compared to porphyrins. TPTBP can be 
excited by both red and blue light, due to the very intense Soret band and the Q-bands that are only 
3 times less intense than the Soret band.113 Higher photostability is achieved by introducing fluorine 
atoms on the aryl rings, as shown in Figure 11.113 The substitution on the meso position with aryl 
groups reduces the tendency of aggregation typical of these molecules.108 As for other metal 
complexes, platinum benzoporphyrins are more suitable for oxygen detection on a broad 
concentration range, while palladium analogues are ideal for very low oxygen tensions.114 41 was 
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incorporated in PS nanoparticles together with a reference dye for in vivo ratiometric oxygen 
measurement.115 40 was embedded in differently substituted polystyrene matrices, such as poly(2,6-
dichlorostyrene), poly(4-tert-butylstyrene) and poly(2,6-fluorostyrene).116 Both metal complexes 
were incorporated in a silicon-glass micro-reactor for real-time measurement of oxygen tension in the 
reaction medium.117 More specifically, 41 was employed for traces of oxygen (up to 2%) while 40 was 
suitable for low-to-ambient oxygen concentrations. The dyes were first embedded in a PS-silicon 
rubber matrix and then incorporated in the micro-reactors.117 TPTBP are ideal for oxygen 
measurements in biological environment, in which a deep-penetrating light (red light) is required for 
the excitation and NIR emission is preferred to avoid interferences caused by background 
fluorescence.118 40 was also employed in organic solar concentrators for photovoltaics.119 The stability 
of these compounds is considerably higher compared to the corresponding tetra-arylporphyrins, but 
their synthesis is much more challenging.  
Further extension of the -system of TPTBP results in meso-tetraphenyltetranaftoporphyrins such as 
species 42 (Figure 11), which determines a further red shift of the absorption peaks and an increased 
intensity ratio between Q-bands and Soret band.112,120 However, these species present poor triplet 
quantum yields and lower photostability compared to benzoporphyrins.121 Platinum complex 43 was 
encapsulated in phospholipid nanomicelles and employed to image anoxic tumours.122 Its 
phosphorescence emission around 900 nm allowed to drastically reduce interferences from 
background autofluorescence.122 43 was also incorporated in poly(9-vinylcarbazole) and employed as 
dye in the construction of polymeric light emitting diodes (PLED).123 In the class of -extended 
porphyrins there are other compounds deriving from a mixture of benzo- and nafto-substituted 
porphyrins. These hybrids combine the properties of both dyes, affording an increased bathochromic 
shift in the emission but, on the other hand, a decrease in the quantum yield and a reduced 
photostability.124  
Water-soluble porphyrins  
Optical sensors designed for biological applications must display specific features to be suitable for 
use in an environment containing cells, namely: 
• high triplet state quantum yield (higher the quantum yield results in a higher concentration of 
triplet state molecules, and potentially in a more intense signal)  
• long triplet lifetime (the longer the lifetime, the higher the probability of intermolecular collisions 
even at low oxygen concentrations) 
• high chemical- and photo-stability (to avoid the accidental production of species toxic to the cells) 
• solubility in water (to maximise compatibility with living systems) 
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Water-soluble metalloporphyrins satisfy these criteria, and consequently they have been widely used 
for the detection of dissolved oxygen in aqueous solution. To ensure water solubility, most derivatives 
have either net charges or several polar groups.  
Coproporphyrin (45 Figure 12) is a water-soluble macrocycle in which the solubility in aqueous media 
is given by the four carboxylic groups. The palladium complex 47 was employed as oxygen probe 
immobilised on different polymeric matrices, such as PVC, poly(methyl methacrylate) (PMMA), PS and 
silicon rubber.125 The optical oxygen sensors obtained by embedding the dye in PS was employed to 
measure the oxygen concentration in the gas phase, following excitation with a cheap flash lamp as 
light source.125 The platinum complex 46 was employed as an albumin conjugate to measure the 
intracellular oxygen levels in mammalian cells.126 
 
Figure 12: structure of oxygen-sensing coproporphyrins and coproporphyrin ketones 
The photostability of coproporphyrins and their derivatives is rather poor, despite their otherwise 
good photophysical properties. To overcome this problem a new dye was synthesised bearing a 
ketone group on the macrocycle to give a coproporphyrin ketone (48, Figure 12)127. Both platinum and 
palladium complexes 49 and 50 were conjugated to serum albumin to detect intracellular oxygen.127 
As in the case of 24, the introduction of the ketone group shifted the emission towards longer 
wavelengths in the NIR region and increased the intensity of the Q-bands.127 
Other examples of water-soluble porphyrins employed as oxygen sensors include species bearing four 
charged groups on the meso-aryl substituents as shown in Figure 13. 
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Figure 13: structure quadruple-charged free base, platinum (II) and palladium (II) species 
Palladium complexes 53, 56 and 59 (Figure 13) were tested both in aqueous solution and after 
incorporation on serum albumin, to detect oxygen concentrations from atmospheric levels down to 
the nanomolar range.128 Platinum and palladium complexes 52,55 and 53,56 were embedded in a 
perfluorinated ion-exchange membranes (Nafion®) and the oxygen concentration was detected in the 
range 0-100%.129 Linear Stern-Volmer plots, good sensitivity and photostability were observed in the 
whole concentration range. Compounds 52 and 53 were incorporated in synthetic clay (Sumecton 
SA®) to obtain a new hybrid material for oxygen sensing in aerobic conditions.130 Clay minerals proved 
to be suitable matrices to host the metalloporphyrins, allowing fluorescence quenching by oxygen, 
while keeping the cost of the sensing material very low. 
Second generation polyglutamic Pd-porphyrin-dendrimers (60) and tetrabenzoporphyrin-dendrimers 
(61) are further examples of water-soluble oxygen sensing porphyrins (Figure 14).131 
 
Figure 14: structure of oxygen-sensing glutamate-dendrimers 
These complexes bear 16 carboxylate groups in the outer layer of the dendrimer, which are 
responsible for the good solubility in aqueous media. The size of the resulting molecule prevents it 
from crossing cell membranes.131 Thanks to its red-shifted absorption and emission, compound 61 was 
employed as oxygen probe in vivo to measure the oxygen distribution in a subcutaneous tumour, after 
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incorporation in serum albumin.131 Dendrimer 61 was also embedded in polyacrylamide hydrogels to 
monitor oxygen levels in cancer cells, both in aerobic and hypoxic conditions.132 Despite their 
challenging synthesis, they soon became commercially available, fact that helped their use in the build 
of optical oxygen sensors. 
A new class of porphyrins recently emerged as oxygen probes: iridium (III) octaethylporphyrin bearing 
different axial ligands (Figure 15). These dyes are characterized by a non-planar macrocycle, in which 
the central iridium ion can coordinate two ligands in the axial positions. The complexes are obtained 
from compound 62133 by ligand exchange. The different axial ligands influence the photophysical 
properties of the dye and play a key role in the solubility properties.134 Compounds 63 and 64 bearing 
lipophilic ligands such as pyridines and N-butylimidazoles, respectively, are soluble in organic polymer 
and they were incorporated in PS matrices. 
 
Figure 15: structure of iridium (III) octaethylporphyrin bearing different axial ligands 
On the other hand, compound 65 bearing 1-imidazoleacetic acid as axial ligands is soluble in polar 
solvents.134 Thanks to the carboxylic group on the ligand, this species can be covalently linked to a 
support: 65 was attached to bovine serum albumin and amino-modified silica gel allowing real time 
measurements in aqueous solutions.134 Iridium (III) complexes with cell-penetrating and tumour-
targeting peptides as axial ligands were also synthesised,135 which showed linear Stern-Volmer plots 
and good solubility in aqueous media.135 
Compound 65 introduced a new class of compounds, in which an axial ligand coordinated to central 
metal atom is exploited as anchoring moiety to covalently link the dye to the support. This was the 
first example of a conjugatable porphyrin complex attached to a support through an axial ligand.134 
Most frequently, the conjugation of the dye to a support is performed via a suitable functional group 
on the ring, or on the aryl substituents in the meso-positions. A covalent bond between the dye and 
the support is useful to prevent issues associated with leaching or uneven distribution of the dye in 
the environment where the measurement is taking place.33,108  
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Oxygen-sensing porphyrin monomers for radicalic polymerisation 
For oxygen sensing in biological systems, the leakage of the dye must be prevented as much as possible 
to avoid toxicity in the sample. The most common approach to overcome this problem is to covalently 
link the dye to the polymeric matrix.108 A number of porphyrins have been provided with a vinyl- or 
acryloyl-moiety and subsequently co-polymerised to obtain oxygen-sensing polymers (Figure 17). 
Porphyrin 66 (Figure 17) is an A3B porphyrin in which a meso-substituent is different from the other 
three.136 The carboxylic group on the starting porphyrin was esterified to provide the dye with 
polymerizable 2-methacryloyloxyethyl chain. The resulting species was co-polymerised with isobutyl 
methacrylate or 2,2,2-trifluoroethyl methacrylate.137 The resulting oxygen sensitive material was 
employed for pressure sensitive paint in the aeronautical field. Compound 66 was also employed to 
obtain optical oxygen sensors capable of simultaneously sensing pH and oxygen.138 In this case, poly(2-
hydroxyethylmethacrylate)-co-poly(acrylamide) (PHEMA-co-PAM) was employed as matrix and 67 
(Figure 16) was co-polymerised in the material via the same acryloyl moiety as pH sensor. The absence 
of toxicity, detected after 40 hours of incubation with HeLa cells on the material, confirmed that 
neither sensors leached from the polymer.138 The favourable behaviour of 79c (Figure 9) as an oxygen 
sensor encouraged researchers to explore different approaches to incorporate this species in various 
materials. The structure of 79c is suitable for this purpose because the fluorine atoms in the para 
position on the aryl rings can be replaced via aromatic nucleophilic substitution. This strategy was 
widely pursued to introduce suitable groups to co-polymerise the dye in a matrix (Figure 17). 
Four methacrylate groups were inserted on the para positions of the perfluorinated aryl rings of 
porphyrin 27 to obtain complex 68 (Figure 17) which was co-polymerised into two different polymers, 
namely a hydrophilic one made of poly(2-hydroxyethylmethacrylate)-co-polyacrylamide (PHEMA) and 
a hydrophobic one made of PS.139 68 showed negligible leaching from the polymer and higher 
photostability compared to the same polymer in which the porphyrin (27) was simply adsorbed.139 
Crucially, the sensors obtained with PHEMA proved ideal for applications in biological samples due to 
the biocompatibility of the material, a fast response, a high sensitivity to oxygen and no toxicity to 
human lung adenocarcinoma epithelial cells (A549).139 The sensor made of 68 covalently linked to 
PHEMA was also employed to monitor the oxygen consumption of Escherichia coli.140  
 
Figure 16: structure of 2-(1,3-dimethylene-6-(4-methylpiperazin-1-yl)-1H-benzo[de]isoquinolin-2(3H)-yl) ethyl methacrylate 
67  
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Platinum complex 69 bearing four silyl groups (Figure 17) was used to covalently link the oxygen 
sensing species to silica gel. The resulting material showed a faster response and a higher ratio of 
fluorescence from environments without oxygen to oxygenated systems compared to 68 linked to PS 
and PHEMA.140 Oxygen sensor 68, pH sensor 67 (Figure 16) and a reference dye were copolymerized 
with PHEMA-co-PAM to obtain new ratiometric dual sensitive optical oxygen sensors.141 Under 
excitation at 380 nm the sensor showed emission in the blue, green and red part of the visible 
spectrum, and it was employed to evaluate the photosynthetic activities of Synechocystis sp. PCC 
6803.141 
 
Figure 17: structures of polymerisable porphyrins 
These sensing materials were obtained through the tetra-functionalisation of 79c but there are 
examples of mono-functionalisation of 79c, which allows the co-polymerisation but not the cross-
linking of the porphyrin with the matrix. This approach was pursued by inserting a suitable function in 
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the matrix to attach the porphyrin to the pre-formed polymer or by introducing a single reactive group 
on the porphyrin. 
In an example of the latter approach, platinum and palladium complexes of 79c were covalently linked 
to amino modified silica-gel particles exploiting the reactivity of the para fluorine atoms on the aryl 
rings.68 The terminal amines of the silica particles reacted with one of the para fluorine on the aryl 
rings of 79c, forming a covalent bond and, therefore, anchoring the dye on the particle. Subsequently, 
the particles were dispersed in silicon rubber to give the sensor. Linear Stern-Volmer plot, high 
photostability and fast response time were detected for both the complexes, and as expected, a higher 
sensitivity to oxygen was detected for the palladium complex.68 In a similar approach, styrene–
pentafluorostyrene-copolymer was grafted with 1,3-propanedithiol by displacement of the para 
fluorine of pentafluorostyrene with a thiol group, following the first approach mentioned above. The 
dye was subsequently anchored to the substrate by nucleophilic substitution of the para fluorine atom 
on the porphyrin with the free thiol group on the propanedithiol chain, affording a material in which 
1,3-propanedithiol acts as a spacer between the porphyrin and the polymer, as confirmed by 19F-NMR 
spectroscopy.142 When the three components (dye, polymer and thiol spacer) were added 
simultaneously, heavy cross-linking was detected, where the propanedithiol randomly bridged the 
porphyrin and pentafluorostyrene.142 
79c was monofunctionalised with divinylbenzene moiety to give compound 70 (Figure 17) which was 
used to obtain oxygen sensing core-shell nanoparticles with a hydrophilic shell and a hydrophobic 
core.143 The new sensor displayed favourable photophysical properties and no leakage of the dye. 
Thanks to its biocompatibility, it was employed for intracellular oxygen detection.143 
Conjugatable derivatives of tetrabenzoporphyrin were also synthesised and employed as oxygen 
sensors (Figure 17). Hutter et al. synthesized both the mono- (71) and the tetra-brominated (72) 
tetrabenzoporphyrin for covalent grafting on a polymeric matrix through C-C bond via Suzuki 
coupling.144 The bromine atom was either replaced with a vinyl group used to co-polymerise the dye 
with vinyl monomers, or alternatively the Suzuki coupling was performed between the brominated 
dye and double-bond-functionalised polymer. The resulting sensor showed favourable photophysical 
properties, displaying high brightness, typical NIR emitting properties and no leakage of the dye from 
the polymer.144 
Conjugatable and water-soluble porphyrins  
The last sub-group of porphyrins discussed here is the most pertinent to the project. It comprises 
species that display both solubility in aqueous media and conjugatable group: these species were 
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developed to link covalently and selectively (i.e., with no possibility of cross-linking the matrix) the 
sensing moiety to a matrix in aqueous medium.  
Examples of such species are shown in Figure 18: these are A3B type porphyrins with either positively 
charged or negatively charged groups.145 The species were obtained via a mixed aldehyde 
condensation approach, with one of the aldehydes bearing a carboxylic group as the conjugatable 
moiety. Water solubility was attained by functionalising the three equivalent aryl rings to insert a net 
charge, positive (N-methyl-4-pyridinium) in the case of 73, 74 and 75 and negative (4-
sulphonatophenyl) in the case of 76, 77 and 78, respectively free base, platinum and palladium 
complexes. These dyes were anchored to amino-functionalised polyacrylamide nanoparticles 
(PAANPs) via N-hydroxysuccinimide/ethyldimethylaminocarbodimide (NHS/EDC) chemistry. Thanks 
to the water solubility of the porphyrins, the conjugation could be carried out in water and under mild 
reaction conditions.146 Metal insertion was achieved employing microwave irradiation that reduced 
notably the reaction time and increased the yield. The photophysical properties of the stand-alone 
dyes and of the nanoconjugates were measured, showing a red shift in the emission wavelength and 
a broadening of the Soret band relative to the nano-conjugates. 
 
Figure 18: structure of free base platinum (II) and palladium (II) 5-(4-carboxyphenyl)-10,15,20-(N-methyl-4-pyridyl)porphyrin 
(73,74,75) and 5-(4-carboxyphenyl)-10,15,20-(4-sulphonatophenyl)porphyrin (76,77,78) 
Giuntini et al. showed that the association of the porphyrin with the support caused a decrease in the 
quenching rate constant by one order of magnitude. All the dyes showed linear Stern-Volmer plots 
both in steady state and time-resolved measurements, and the linearity was maintained when the 
nano-probes were embedded in compressed collagen sheets.146 
The same authors developed also a dual oxygen and pH ratiometric sensor exploiting compound 74 
as oxygen probe, 6-carboxyfluorescein and Oregon green® as pH probes and 
carboxytetramethylrhodamine as a reference dye.147 The new nanosensors responded to variations of 
oxygen over a 0-100% range and pH values in the fully biological range between 3.5 and 7.5.147  
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1.4 A closer look at porphyrins 
Porphyrins are aromatic macrocycles made of four pyrrole rings connected by four methine bridges in 
a square planar conformation. Porphyrins have a 18-π electrons conjugated system, which is 
responsible for their very intense colour.148 The name of these species is derived from the Greek word 
porphyra, meaning purple.149 The macrocycle presents a tetra-dentate cavity suitable to coordinate 
different metal atoms, such as Zn (II), Fe(II) or Fe(III), Ni(II), Cu(II), Co(II), Pd(II), Pt(II).150 The basic 
structure of a porphyrin is shown in Figure 19. Three different positions on the structure can be 
identified: alpha, beta and meso positions. When the meso position is substituted with aryl groups, 
the species are called meso-tetra-arylporphyrins. 
 
Figure 19: porphyrin structure 
Due to their extended conjugated system, porphyrins present a very characteristic visible absorption 
spectrum (Figure 20). The most intense band appears around 400 nm and it is known as Soret band. 
This band is generated by the π → π* transition. In free porphyrins, four lower-intensity bands are 
visible between 450 nm and 650 nm, which are called Q-bands and are responsible for the vivid red 
colour that these compounds show. Modification on the aryl groups on the meso positions does not 
have a major influence on the intensity and wavelengths of the absorption spectrum, but the insertion 
of a metal atom causes a marked change in the absorption. Besides a more or less pronounced shift 
of the Soret bands, which depends on the nature of the metal ion, two of the four Q-bands 
disappear.151 The latter feature is particularly useful when monitoring the metal insertion reactions. 
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Figure 20: typical absorption spectrum of porphyrin 
Some porphyrins and related tetrapyrroles are natural products and, due to their unique physico-
chemical properties, they play major roles on the very process of life. The two most prominent 
examples are haem and chlorophylls, the pigments present in the red blood cells and in green plants 
and algae, respectively.  
Haem (Figure 21) is the iron complex of protoporphyrin IX, and it is the prosthetic group of 
haemoglobin, the protein responsible for carrying oxygen from the airways to the cells and carbon 
dioxide from the cells to the airways. Molecular oxygen coordinates to the iron metal in the porphyrin 
core and it is transported in the blood stream to the districts of the body. Once it reaches a cell, the 
oxygen is released from the coordination complex, haem coordinates carbon dioxide and carries it to 
the heart and then the lungs. In other words, haemoglobin is a crucial element for the very existence 
of life.152 
 
Figure 21: structure of haem group 
The second naturally occurring porphyrins are found in plants (mainly in their leaves) and in green 
algae. In this case, a magnesium complex of a chlorin, a porphyrin in which one of the four pyrrole 
rings partially reduced, is involved. As haem is important for the life of multicellular animals, 
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chlorophyll is pivotal for plants life because it is part of the complex machinery deputed to 
photosynthesis, the process via which plants harvest light and convert it into energy. Many different 
types of chlorophyll are present in a plant leaf, as shown in  
 Figure 22, with different specific functions.  
 
 Figure 22: structure of different chlorophylls 
Synthetic porphyrins  
Porphyrins can be also artificially synthesised starting from simple building blocks. Different synthetic 
strategies follow the same development based onto the formation of a porphyrin core (via 
electrophilic substitutions on positions 2 and 5 of the pyrrole ring) followed by the oxidation of the 
latter. These protocols have been developed to achieve the synthesis of a wide variety of meso- and/or 
beta-substituted porphyrins. Synthetic approaches to porphyrins fall into three main strategies. The 
oldest and most employed strategy is based on the condensation of four pyrrole units to form the 
porphyrin core (Scheme 1).  
 
Scheme 1: aldehyde and pyrrole condensation mechanism 
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This approach does not give any control on the stereochemistry of the final product. To solve the 
problem, two strategies have been developed, both by reacting two dipyrromethane units previously 
synthesised, and by including a pyrrolic unit to a tripyrrane precursor.  
In this paragraph, only the aldehyde and pyrrole condensation will be discussed in detail. 
• Rothemund synthesis 
The first porphyrin synthesis was performed in 1935 by Rothemund:153 the scientist showed that 
heating acetaldehyde or formaldehyde with pyrrole in a sealed tube led to the formation of  porphyrin. 
Few years later, in 1941, Rothemund described the first synthesis of meso-tetraphenylporphyrin,154 
performed in a sealed vessel in pyridine for 8 hours. These first synthetic approaches were extremely 
low yielding, so an intensive work of optimisation took place.  
• Adler-Longo synthesis 
The synthetic procedure mostly used nowadays to obtain porphyrins was developed in 1966 from the 
Rothemund procedure and it bears the name of the two authors: Adler-Longo.155 This synthesis is 
performed in refluxing propionic or acetic acid, increasing notably the yield up to 20 %. In some cases, 
when propionic acid was employed, the product would precipitate in the reaction mixture upon 
cooling and could be obtained directly by filtration from the reaction mixture.155 Together with the 
role of temperature, the amount of oxygen, and the reagents concentration, the authors have 
highlighted the influence of the reaction medium acidity. Thus, the protocol established follows the 
following recommendations: the condensation of pyrroles and aldehydes needs to be performed 
starting from an equimolar mixture dissolved in refluxing propionic acid (141 °C), under air and for at 
least 30 minutes. As for the previous Rothemund synthesis, this approach requires the use of 
aldehydes which can withstand the high temperatures but, despite the higher yield, most of the 
products formed are impurities. Over the years, the method was improved, and yields were 
moderately increased.  
• Little synthesis, known as “mixed aldehydes” 
Based on the work of Adler and Longo, Little proposed, in 1975, the synthesis of porphyrins bearing 
different substituents on meso positions to obtain asymmetric porphyrins (Scheme 2). Using the 
previous protocol, a mixture of two different aldehydes can condense with pyrrole to form asymmetric 
porphyrins.156 Unlike the synthesis of a symmetric porphyrin, the procedure according to Little does 
not allow the synthesis of just one porphyrin.  
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Scheme 2: Little’s synthetic scheme for mixed aldehydes  
In fact, using a mixture of two aldehydes leads to the formation of six different porphyrins (Scheme 
3). When using this protocol, a “code” has been created to distinguish the different products. Starting 
from two different aldehydes A and B, the obtained porphyrins are labelled as follows: 
A4 for porphyrins with substituents just from reagent A 
A3B for porphyrins with 3 substituents from reagent A and 1 substituent from reagent B 
A2B2 for porphyrins with 2 substituents from reagent A and 2 substituents from reagent B (2 isomers) 
AB3 for porphyrins with 1 substituents from reagent A and 3 substituents from reagent B 
B4 for porphyrins with substituents just due from reagent B  
To obtain A3B porphyrins, it is suggested to use 3 equivalents of aldehyde A, 1 equivalent of aldehyde 
B and 4 equivalents of pyrrole.156 The synthesis of an A3B porphyrin widely depends on the aldehydes 
used and the yield can vary from 5 to 25 %. Moreover, the purification requires the use of 
chromatographic techniques to separate the various porphyrins obtained. Nevertheless, the protocol 
remains the most utilised to obtain asymmetric porphyrins.  
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Scheme 3: different porphyrins produced during Little synthesis 
• Lindsey synthesis 
Another synthetic method to obtain meso-tetraphenylporphyrin was developed by Lindsey in 1986, 
and it involves the use of a Lewis acid as catalyst to form the porphyrinogen, later oxidised by the 
addition of an oxidant.157 In this synthetic route, aldehyde and pyrrole are dissolved in a dry organic 
solvent like dichloromethane (DCM) or chloroform. Due to its sensitivity to the presence of oxygen, 
the reaction needs to be carried out under inert atmosphere.158 The solution is then treated with Lewis 
acid catalyst: either trifluoroacetic acid (TFA) or BF3-Et2O complex in a ratio that varies between 10 % 
and 30 %, depending on the nature of the catalyst and of the reagents.159 The addition of the catalyst 
leads to the formation of the porphyrinogen, which must be then oxidised by the addition of an 
oxidant such as chloranil or 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to obtain the desired 
porphyrin. The reaction temperature can vary depending on the aldehyde employed, however, it is 
generally lower compared to Adler-Longo synthetic method. This method is not applicable if aldehydes 
bearing Lewis basic groups are used, as these groups would react with the catalyst, preventing the 
formation of the porphyrinogen. 
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2 Beta-functionalisation of A4 porphyrins  
2.1 Aim of the work 
The aim of the work was to build a library of conjugatable and water-soluble oxygen-sensing 
porphyrins to obtain oxygen-sensing biomaterials for application in the biomedical field.  
In this section of the work, the synthesis of symmetrical porphyrins A4 and their subsequent 
functionalisation with a carboxymethyl group on the beta position of the structure will be described, 
as shown in Scheme 4. The side chain was strategically placed on the beta position, to leave the four 
aryl rings on the meso positions available for further functionalisation in order to impart water-
solubility to the whole structure. The beta carboxylic acid, once activated, would be exploited as 
anchoring moiety to covalently link the dye to a solid support, made of biocompatible polymers. As 
mentioned previously, the presence of a conjugatable group was deemed necessary to prevent the 
leaching of the dye from its support.  
 
Scheme 4: general strategy for beta-functionalisation 
2.2 Synthesis of A4 porphyrins  
The first approach employed to obtain a library of meso-substituted porphyrins was the Adler-Longo 
synthesis. According to this approach, pyrrole was added dropwise to refluxing solutions of aromatic 
aldehydes in propionic acid.155 The method does not require any specific precautions and once the 
porphyrinogen is formed, it is oxidised by atmospheric oxygen to give the desired porphyrin. The 
simplest way to isolate the crude porphyrin was to filter it from the cooled reaction mixture and 
washing the solid with water and warm MeOH.155 Despite the straightforward character of this 
method, in our hands it afforded little or no product due to partial and poorly reproducible solubility 
of the porphyrin in the solvent. The problem was circumvented by evaporation of the propionic acid 
under reduced pressure, and a filtration on silica pad and further crystallisation from DCM/MeOH to 
obtain the desired compound.  
A general porphyrin structure 79 with different meso-substituents (a-f) is shown in Figure 23. The 
choice of different aldehydes was dictated by the interest in obtaining porphyrin with different 
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electronic features for the subsequent synthetic steps. Thus, the library included porphyrin with both 
electron withdrawing groups (EWG) such as fluorine (c), trifluoromethyl (b) and pyridyl (f), and 
electron donating groups (EDG), like methoxy (d,e) and the unsubstituted phenyl ring (a). A relatively 
wide range of aldehydes would provide a better platform to assess the applicability of the synthetic 
method, explained in detail later. 
 
Figure 23: porphyrin general structures 
Attempts to improve the yields by varying the reagents concentration, did not lead to significant 
variation on the yields, as shown in Table 1. Only compound 79c displays a different result, a roughly 
five times lower yield than other porphyrins. As the pentafluorobenzaldehyde is the most expensive 
and most unstable aldehyde in the series, a different synthetic method was required. 
Porphyrin Propionic acid (mL) Pyrrole (mL) Yield (%) 
79a 220 10 15 
79b 120 2 14 
79c 500 5 3.6 
79d 500 5 14 
79e 500 5 15 
79f 220 10 12 
Table 1: porphyrins synthesis conditions and yields 
In the attempt to improve the yields of the starting porphyrins the focus was turned to the synthetic 
approach developed by Lindsey.157 Thus, 79c was successfully synthesised employing a modified 
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Lindsey approach, increasing the yield from 3.6 % to 38 % (Table 2).160 According to this method, the 
reaction is carried out at a 10-fold higher reagent concentration compared to the conditions described 
by Lindsey. Under these conditions, dry solvent and inert atmosphere become pivotal as the yield is 
more sensitive to the presence of water and air. However, the method offers the advantages of 
reducing the dilution, hence improving the scalability and increasing the yield of a reaction whose 
starting material is rather expensive (pentafluorobenzaldehyde).  
3,5-(bis-trifluoromethyl)phenyl porphyrin (79b) was also synthesised employing similar conditions, 
with higher reagent concentration compared to the original Lindsey method.160 Table 2 shows the 
differences in yield and reaction conditions for these two porphyrins. 
Porphyrin 
Rothemund Lindsey 
Propionic  
acid (mL) 
Pyrrole 
(mL) 
Yield  
(%) 
DCM 
(mL) 
Pyrrole 
(mL) 
Yield  
(%) 
79b 120 2 14 300 0.5 34 
79c 500 5 3.6 600 1 38 
Table 2: comparison between Rothemund and Lindsey reaction conditions and yields 
1H-NMR analysis of the porphyrin shows in all cases a peak at ca. 8.90 ppm with an integral value of 
8H, generated by beta-hydrogens. Another peak common to all the spectra, at ca. –2.80 ppm, is 
generated by the internal hydrogens. Due to the high symmetry of the molecules, all the beta-
hydrogens resonate at the same frequency, resulting in a singlet. NMR and UV-vis data are 
summarised in Table 3. The Soret band of all derivatives has its maximum between 410 nm and 422 
nm, in line with the behaviour of porphyrins.161   
Porphyrin -H Hint Soret (nm) Log 
79a 8.90 –2.69 417 5.91 
79b 8.80 –2.86 417 5.71 
79c 8.91 –2.91 410 5.40 
79d 8.90 –2.77 422 5.59 
79e 8.94 –2.82 421 5.61 
79f 8.91 –2.75 418 6.93 
Table 3: chemical shifts of beta and internal hydrogens, plus Soret band and Log values  
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2.3 Nitration of A4 porphyrins  
Porphyrin 79f (Figure 23) is discussed separately from the other substrates, due to the different 
method required for the insertion of the nitro group on the beta position.  
 
Scheme 5: nitration reaction  
In order to insert a conjugatable moiety, later exploited to covalently link the porphyrin to a support 
or scaffold, a synthetic approach involving the insertion of a nitro group on the beta position of the 
porphyrin was chosen as the first step.162 In this reaction the nitro group replaces a beta-hydrogen on 
the macrocycle, as shown in Scheme 5.163 The reaction is performed employing a nitrate salt, usually 
copper or zinc.164,165 Firstly the metal coordinates the macrocycle, and then the nitro group replaces a 
beta-hydrogen, as illustrated in Scheme 6. 
 
Scheme 6: nitration mechanism 
Zinc offers the advantage of being easily removed from most porphyrins in the presence of acids, thus 
allowing metal exchange at a later stage. In addition, the nitration with zinc nitrate yields a 
diamagnetic species, which can be analysed by NMR spectroscopy. Copper, on the other hand, 
requires stronger acidic medium to be expelled from the porphyrin, and copper porphyrin complexes 
are paramagnetic, preventing NMR analysis. Despite many advantages of the zinc salt, copper nitrate 
40 
 
was chosen as metal salt for most of the porphyrins, because the nitration reaction progress is sluggish 
with zinc nitrate. It is worth noting that other metal nitrates can be used for the nitration reaction, but 
they can lead to species that cannot be easily demetallated or are more expensive for the purpose.166 
Temperature control is an extremely important parameter for the outcome of the reaction. If not 
monitored, the reaction can progress to give doubly-nitrated species.164 The second nitro group can 
insert in several positions of the porphyrin, leading to the formation of different porphyrins and giving 
an isomeric mixture very difficult to separate by column chromatography. Therefore, it is more 
convenient to stop the reaction as soon as traces of doubly-nitrated products are detected, even if 
the starting material is still present in the reaction mixture. The metal porphyrin not yet nitrated can 
be recycled and reused for another nitration. Table 4 shows the nitration conditions for all the 
different substrates synthesised, except for tetra(3-pyridil) porphyrin (79f), which needed different 
reaction conditions, and it will be discussed separately.  
Porphyrin Yield (%) Solvent Metal salt Time (h) T (°C) 
80a 89 chloroform Cu(NO3)2 5 RT 
80b 86 chloroform Zn(NO3)2 1.5 RT 
80c 83 chloroform Zn(NO3)2 2 RT 
80d 81 chloroform Cu(NO3)2 1 RT 
80e 90 chloroform Cu(NO3)2 5 RT 
Table 4: nitration reaction conditions and yields 
The yields of the reaction are excellent and comparable among the different porphyrins, between 81 
% and 90 %, and the values are in line with the literature data.167 The solvent employed for all the 
substrates was chloroform and the reaction was performed at room temperature in all cases. In the 
case of porphyrins 79b and 79c it was found that zinc nitrate gave better yield, whereas copper nitrate 
was used for the remaining substrates as no nitration occurred employing the zinc salt with 
compounds 79a, 79d and 79e. 
The 1H-NMR spectra of nitro-porphyrins shows that the presence of the nitro group has a large impact 
on the multiplicity of the signals. The singlet at ca. 8.90 ppm, assigned to beta-hydrogens, splits into 
several signals as a consequence of the asymmetry introduced in the structure by the nitro group. 
Figure 24 shows the multiplicity of beta-hydrogens for porphyrin 80c. The multiplicity changes from a 
singlet to a multiplet plus a singlet with integral values of 6H and 1H, respectively. The chemical shift 
of the multiplet is roughly the same as before, while the singlet appears almost 0.40 ppm downfield.  
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This effect is present not only in the 1H-NMR spectra, but also in the 19F-NMR, for 
porphyrins 80b and 80c. Porphyrin 80c presents three main peaks, relative to 
ortho, para and meta fluorine, respectively, with increased multiplicity compared 
to the starting porphyrin, indicating a loss of symmetry. Figure 25 shows the 
fluorine signal splitting before and after the nitration reaction. Before the 
introduction of the nitro group in the molecule, the multiplicity of the peaks arises from the fluorine-
fluorine coupling.168–170 The ortho fluorine (F1) appears as a doublet of doublets, due to an ortho-
coupling with the meta fluorine (F2) and a para-coupling with the meta fluorine (F4). Para fluorine (F3), 
instead, appears as triplet due to the ortho-coupling with the magnetically equivalent meta fluorines 
(F2, F4). The last peak is generated by meta fluorine (F2), and it appears as a triplet of doublets due to 
the ortho-coupling with two magnetically equivalent fluorines (F1, F3), and a para-coupling with the 
other ortho fluorine (F5). The splitting pattern is similar to the one produced by the hydrogens of a 
phenyl ring.  
 
Figure 24: 1H-NMR spectrum comparison of pyrrolic hydrogens before and after nitration reaction for 80c in CDCl3 at 298 K 
and 300 MHz 
After nitration, and consequent introduction of asymmetry in the molecule structure, the 19F-NMR 
appears markedly different. Ortho-fluorine appear as three peaks, each of them doublet of doublets. 
Para-fluorine splits into three triplets, and meta-fluorine into three triplets of doublets. Integration of 
the signals shows that each peak of the starting compound has split into three peaks with a 2:1:1 ratio.  
Before 
After 
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Figure 25: 19F{1H}-NMR spectrum comparison before and after nitration reaction for porphyrin 80c in CDCl3 at 298 K and 
282 MHz 
These data indicate that the pentafluorophenyl rings of the porphyrin are located in three different 
environments, one of which contains two rings and gives signals that integrate for twice as many 
fluorines. The macrocycle can then be divided in four parts: one bearing the nitro group, two 
equivalent ones cis, and the last one trans to the part bearing the nitro group, as shown in Figure 26. 
 
Figure 26: possible asymmetry pattern in 80c 
The effect mentioned above is more pronounced for porphyrin 80c than for porphyrin 80b, for which 
very small changes in chemical shifts and multiplicity are observed.  
Before 
After 
Fo Fp Fm 
Fo Fp Fm 
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Before nitration 
Porphyrin -H Hint Soret (nm) Log 
79a 8.90 –2.69 417 5.91 
79b 8.80 –2.86 417 5.71 
79c 8.91 –2.91 410 5.40 
79d 8.90 –2.77 422 5.59 
79e 8.94 –2.82 421 5.61 
After nitration 
80a 8.76-8.90 –2.56 427 5.80 
80b 8.83-9.11 - 430 5.11 
80c 8.93-9.27 - 422 5.60 
80d 8.78-9.13 –2.62 430 5.56 
80e 8.93-9.19 –2.62 434 5.38 
Table 5: NMR and UV-Vis data before and after nitration 
As shown in Table 5, in all cases the splitting in the beta hydrogens is observed after insertion of the 
nitro group. A general downfield shift for both internal and beta hydrogens is also observed. Some 
peaks, resulting from the splitting induced by the asymmetry, shifted downfield by 0.2-0.3 ppm. This 
effect is due to the electron withdrawing nature of the nitro group that subtracts electron density 
from the macrocycle leaving the system more electron poor. The introduction of the nitro group 
causes a red shift in the Soret band on the UV-vis absorption spectrum for all the substrates. This type 
of shift have been ascribed to the extension of the conjugation in the system by the nitro group, and 
a decrease in the HOMO-LUMO energy gap.164,171,172 
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2.4 Michael-like addition/elimination on nitroporphyrins  
 
Scheme 7: Michael-like addition/elimination reaction scheme 
Nitro group on the beta-position of the porphyrin can be successfully replaced by a nucleophile to 
build the conjugatable moiety for conjugation to protein scaffolds.162 Different types of nucleophile 
can be employed for the addition/elimination reaction, and in general “S and O nucleophiles” like 
thiolates are thought to perform an ipso-attack166,173,174 on the same position of the nitro group. On 
the other hand, “C nucleophiles” such as 3-ketoesters175 preferentially react on the beta-position next 
to the nitro group in the same addition-elimination process, as shown in Scheme 8.176–178  
The nucleophiles chosen for this work were ethyl and methylacetoacetate,175 whose structure is 
shown in Scheme 7. The nucleophile is dissolved in dimethyl sulfoxide (DMSO) with a non-nucleophilic 
base (in this case K2CO3), which is necessary to deprotonate the alpha-carbon and form the reactive 
anion. Despite K2CO3 being not completely soluble in DMSO the deprotonation was still effective. Once 
the nucleophile was activated, the porphyrin was added to the mixture. Porphyrin 80c was the first 
substrate on which this reaction was attempted. Carrying out the reaction in DMSO led to the 
formation of a mixture of products. It can be reasoned that under the reaction conditions (alkaline 
environment) DMSO could lead to the decomposition of the porphyrin. Thus, the reaction was 
performed in different solvents to avoid side product formation. Ethyl acetate resulted to be the most 
suitable solvent, and after one hour of reflux the reaction reached completion. Similarly, short reaction 
time was required for porphyrin 80b. On the other hand, porphyrin 80a required up to 72 hours to 
reach completion. However, degradation of the substrate was observed after prolonged heating times. 
Changing back the solvent to DMSO drastically increased the reaction rates to 1 hour for both 
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porphyrins, at room temperature. Not only did DMSO make the reaction quicker, but it also increased 
the yield by 15 %. DMSO was also successfully employed for compounds 80d and 80e, affording good 
yields and no side products. In addition, the purification resulted easier and quicker with DMSO than 
with ethyl acetate: the desired product was isolated by filtration from the reaction mixture following 
addition of brine. Given the advantages of using DMSO as solvent for this reaction, the same 
procedure was extended also to porphyrin 80c.  
 
Scheme 8: nucleophile ipso- and -attack on nitroporphyrins. Adopted from Serra et al. 162 
To stop or at least inhibit the formation of the side products, the reaction was performed in an ice 
bath. The nucleophile and the base were dissolved and sonicated in DMSO and cooled while vigorously 
stirring. The nitro porphyrin was then added to the mixture while still in the ice bath and the reaction 
was stopped few minutes later. As soon as the colour of the mixture changed from blue/purple to red, 
an indication of the reaction occurring, the mixture was poured in brine to stop the reaction. Any 
residual starting porphyrin was easily separated by column chromatography and used again. The lack 
of reaction completion was probably caused by the fact that DMSO solidifies at the reaction 
Ipso-attack 
-attack 
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temperature despite the vigorous stirring. Table 6 shows the different reaction conditions for all the 
substrates.  
Yields are comparable among the different porphyrins and vary between 84 % and 90 %. The yield of 
porphyrin 81c increased notably after optimisation of the method. When performed in ethyl acetate, 
the reaction yielded just over 70 % of the product. 
Porphyrin Yield (%) Time (h) T (°C) 
81a 88 1 RT 
81b 85 1 RT 
81c 90 5 min ice-bath 
81d 86 1  RT 
81e 84 1 RT 
Table 6: reaction conditions for Michael addition/elimination 
All the Michael adducts synthesised bear a 1,3-ketoester moiety, and can exist in ketone or enol form: 
the peak at ca. 13 ppm, with integral value of 1H, is present in the spectra of all Michael adducts (see 
Figure 27 for porphyrin 81c) and it is generated by the OH proton of the enolic form, which for most 
of the Michael adduct seems to be the favoured one.175 
 
 
Figure 27: 1H-NMR spectrum of 81c, plus keto-enolic equilibrium of Michael adduct in CDCl3 at 298 K and 300 MHz 
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The splitting of the beta-hydrogens remains the same, due to the asymmetry of the molecules. The 
aliphatic region presents two multiplets at ca. 4.0 ppm, each of which with integral value of 1H. These 
multiplets are generated by the two protons on the CH2 in the ethoxy group, which due to the 
presence of a stereogenic centre, are diastereotopic, and as non-chemically equivalent hydrogens, 
they resonate at different frequency. Further upfield in the spectrum, a singlet and a triplet can be 
seen, which can be assigned to the methyl of the acetyl and ethoxy group, respectively, on the basis 
of their chemical shift and characteristic multiplicity.  
Table 7 reports the nucleophiles employed and the chemical shifts of the Michael adducts, alongside 
with the position of the Soret band in the UV-visible spectrum and the corresponding Log. The enolic 
proton resonates at ca. 12.8 ppm for all the porphyrins, except in the case of porphyrin 81c, for which 
it is shifted downfield to 13.14 ppm. No internal hydrogens value (NHint) appears for porphyrins 81b 
and 81c because these derivatives are zinc complexes. 
In the case of porphyrin 81d, obtained with ethyl acetoacetate, literature data suggest that the keto-
enol equilibrium is shifted towards the ketone form, in a ratio 75:25.175 However, the data collected 
suggest that the equilibrium in this case is shifted completely to the enolic form. Similarly, when 
methyl acetoacetate is employed, the equilibrium is shifted, as for other porphyrins, towards the 
enolic form.  
Porphyrin R of Nu- OH (ppm) -H (ppm) NHint (ppm) Soret (nm) Log 
81a ethyl  12.85 8.64-8.87 –2.68 419 5.62 
81b methyl  12.83 8.87-8.96 - 430 5.11 
81c ethyl  13.14 8.79-9.01 - 422 5.65 
81d methyl  12.87 8.74-8.92 –2.72 423 5.59 
81e methyl  12.91 8.72-8.92 –2.79 424 5.50 
Table 7: NMR and UV-Vis data of porphyrins after Michael addition/elimination  
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2.5 Retro-Claisen cleavage of the moiety 
 
Scheme 9: retro-Claisen cleavage reaction scheme 
Following Michael addition, the 1,3-ketoester moiety was transformed to obtain the final conjugatable 
group: a carboxylic acid. To unmask the carboxylic group, the Michael adduct needs first to lose the 
acetyl group, as shown in Scheme 9. The cleavage was achieved by refluxing the porphyrin in ethanol 
with 20 % aqueous HCl for two hours.175 The concentration of the porphyrin in ethanol was a very 
important parameter for the reaction, because concentrated solutions caused the porphyrin to 
precipitate and prevented the reaction from reaching completion. In the case of compounds 81b and 
81c the zinc complex was employed. As mentioned before, zinc (II) needs very mild reaction conditions 
to be removed from the macrocycle and 20 % HCl in ethanol is sufficient to promote demetallation. 
Porphyrins complexed with copper, on the other hand, need harsher reaction conditions to form the 
free base, and the reaction conditions for the Claisen cleavage are not sufficient for copper 
removal.179,180 Crucially, when the copper complex was used as substrate of the Claisen cleavage, no 
desired product was detected. This led us to speculate that in this tandem reaction, demetallation 
occurs before the Claisen cleavage. In the case of porphyrins 82b and 82d, a transesterification took 
place during the reaction, and the Michael adducts obtained with methyl acetoacetate were 
transformed in the corresponding ethyl ester due to the use of ethanol as the reaction solvent. Using 
methanol as the solvent led to incomplete reaction even after prolonged reaction times, which can be 
ascribed to its lower boiling point. Interestingly, no transesterification was observed for 82e, bearing 
the methyl ester group as well. Table 8 shows the yield of the reaction, and the chemical shift of the 
beta, internal and the CH2 group hydrogens, alongside with UV-vis data. 
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Porphyrin Yield (%) CH2 (ppm) -H (ppm) NHint (ppm) Soret (nm) Log 
82a 69 3.99 8.64-8.88 –2.69 418 5.98 
82b 75 3.97 8.52-8.84 –2.81 421 5.68 
82c 95 4.32 8.72-8.94 –2.85 415 5.59 
82d 61 3.98 8.73-8.94 –2.71 421 5.64 
82e 62 4.15 8.74-8.94 –2.82 423 5.58 
Table 8: yield of the retro-Claisen cleavage and some NMR and UV-vis data 
 
2.6 Hydrolysis of ester moiety  
 
Scheme 10: Hydrolysis reaction scheme 
The following step in the synthesis of the target conjugatable derivatives is the hydrolysis of the ester 
moiety, as shown in Scheme 10.181 The reaction can take place in both acidic and basic conditions. We 
previously verified that 79c undergoes degradation in basic media, so the reaction was carried out in 
concentrated aqueous HCl. In these conditions, the reaction time was very long (from 48 hours to two 
weeks) and complete conversion was never achieved. The poor solubility of porphyrins in water 
contributed to the inefficiency of this transformation, and indeed we verified that the addition of a 
co-solvent helped solubilisation, markedly shortening the reaction time and increasing the yield of the 
product. Thus, 82c was dissolved in tetrahydrofuran (THF) and the resulting solution was treated with 
concentrated aqueous HCl. Complete conversion was achieved after overnight stirring at room 
temperature. Unlike what we observed in alkaline conditions, the acidic environment did not cause 
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alteration or degradation of the porphyrin. The same procedure was applied for all other substrates. 
Table 9 shows selected spectroscopic data. It is worth noting that no COOH peak was detected on the 
1H-NMR spectra of the substrates, probably due to deuterium exchange with CDCl3. 
Porphyrin 
Yield 
(%) 
1H-NMR 13C-NMR UV-Vis 
CH2 
(ppm) 
-H  
(ppm) 
NHint 
(ppm) 
CH2 
(ppm) 
COOH 
(ppm) 
Soret 
(nm) 
Log 
83a 97 4.00 8.63-8.87 –2.72 35.8 177.0 419 5.62 
83b 73 4.01 8.50-8.82 –2.83 35.9 176.3 430 5.11 
83c 78 4.36 8.72-8.95 –2.86 35.7 175.8 422 5.65 
Table 9: Yield of hydrolysis and some 1H-NMR,13C-NMR and UV-Vis data 
In the case of compounds 82d and 82e a one-pot deprotection of the ester and the methoxy groups 
on the aryl rings was attempted, to simultaneously unmasking the conjugatable group and impart 
water solubility to the porphyrin. Treatment of porphyrins 82d and 82e with BBr3, the most common 
cleaving agent for aromatic methoxy groups, led to the formation of a mixture of products, 
presumably due to partial deprotection of the aromatic methoxy groups and partial cleavage of the 
carboxymethyl chain on the beta position. Column chromatography did not resolve the mixture due 
to the small difference in Rf of the various products formed. Any attempt to force the reaction to 
completion (i.e., complete cleavage of methoxy groups and of ester function) resulted in the 
degradation of the starting material and no evidence of formation of the desired product. For this 
reason, we decided to not proceed further to investigate the beta functionalisation of porphyrin 82d 
and 82e.  
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2.7 Water solubilisation of porphyrins  
With the carboxylic group in place, the attention was focused on providing the porphyrins with water 
solubility. The different porphyrin structures required different synthetic approaches to reach this goal, 
however a general strategy for porphyrins 83a and 83c is illustrated in Figure 28. 
 
Figure 28: general water solubilisation reaction 
Very few methods already exist to make 79c water-soluble. All of them exploit the ability of the 
porphyrin to behave as an electrophile in aromatic nucleophilic substitution. Different nucleophiles 
have been employed for the purpose, such as sugars,182 PEG chains183 and cyclodextrins,184 and many 
examples can be found where the para fluorine on the aryl rings is replaced by nucleophiles appended 
to hydrophobic groups.185 In the majority of the examples, the nucleophilic displacing groups are thiols, 
amines and alcohols. Amines have been frequently used to functionalise pentafluorophenyl porphyrin. 
A base must be used to neutralise the hydrofluoric acid produced by the substitution, allowing the 
reaction to reach completion. The base must be non-nucleophilic to avoid possible competition with 
the desired nucleophile. Table 10 shows the amines used in this work and the reaction conditions 
adopted. The conditions for the substitution reaction were optimised on 79c before proceeding to 
functionalise 83c. 
Thanks to the presence of the strongly acidic sulphate group, taurine (84 in Table 10) greatly enhances 
the aqueous solubility of the porphyrin independently of the pH. Beta-alanine (85), which bears a 
carboxylic group, can impart solubility at neutral and basic pH. Propargylamine (86) is not an 
intrinsically water-solubilising group but it can serve as substrate for further transformation via “click-
chemistry”.186 A variety of solvents, either alone or mixed with a co-solvent, were employed for the 
substitution reaction. Co-solvents were employed to guarantee the solubility of the starting materials, 
mostly the amines. The reactions were performed in the presence or absence of a base, using either 
conventional or microwave-assisted heating approaches. Identification of reaction conditions that 
would lead to the formation of the desired tetra-substituted compound was not possible. In all cases, 
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mass spectrometry analysis of the reaction mixture revealed the presence of a mixture of compounds 
with different degrees of substitution (mono- to tetra-substitution).  
Nucleophile Solvent Base T (°C) Time MW 
84 
 
 
CHCl3:MeOH, 5:1 - 140 10 min √ 
DMSO - 140 5 min √ 
MeOH K2CO3 reflux 1 h - 
THF:H2O, 3:1 K2CO3 120 30 min √ 
DMF K2CO3 reflux 1 h - 
NMP - 200 15 min √ 
NMP K2CO3 200 overnight - 
85 
 
 
acetone:H2O, 3:1 K2CO3 130 5 h √ 
NMP K2CO3 200 2 h √ 
DMF KOH 130 3 h - 
DMSO K2CO3 200 1 h √ 
benzonitrile K2CO3 220 1 h √ 
MeCN:H2O, 2:1 K2CO3 150 2 h √ 
Ph2O K2CO3 200 2 h √ 
86 
 
 
Acetone:H2O, 3:1 K2CO3 120 1 h √ 
NMP - 190 45 min √ 
NMP K2CO3 200 15 min √ 
DMF - 80 overnight - 
87 
 
NMP - 180 15 min √ 
88 
 
DMF - 80 overnight - 
89 
 
NMP - 180 10 min √ 
Table 10: different WS moieties and reaction conditions for nucleophilic substitution 
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Prolonged heating times, especially under microwave irradiation, resulted in degradation of the 
reagents. Due to the high polarity of the substitution products with compounds 84 and 85, column 
chromatography was not viable for the isolation of the species obtained. Preparative-HPLC and -TLC 
were not considered viable options to purify the compounds due to the reduced amount of material 
they allow to process. Three other nucleophiles were employed in the optimization process of the 
reaction: two thiols (87 and 88) and one amine (89), all soluble in organic solvents. Table 10 shows 
their structures and the reaction conditions. In the case of compounds 87 and 88 incomplete 
functionalisation was obtained, while the product of tetra-substitution was detected in the case of the 
benzylamine (89). Although thiols are reported to have a higher reactivity in aromatic nucleophilic 
displacement on porphyrins with respect to amines,185 in our hands the reaction of 79c with thiols 87 
and 88 brought to the formation of a mixture of species with different degrees of substitution. This 
behaviour was attributed to the low solubility of the products derived from partial substitution in the 
reaction solvent. Further attempt to reach a full functionalisation was pursued through the 
employment of a phase transfer catalyst (PTC). Tetrabutylammonium chloride was chosen as PTC, 84 
as nucleophile and a mixture of chloroform and water as solvent. These conditions did not lead to the 
formation of the desired products, neither at room temperature nor at high temperature.  
Encouraging results were obtained when the reaction was carried out on the zinc complex of 79c (90 
in Scheme 11). The reaction was performed with 20 equivalents of taurine (84 in Table 10) per 
equivalent of porphyrin, which corresponds to a 5:1 ratio of nucleophile per leaving group. Lithium 
taurine 84 was obtained by treating taurine with lithium hydroxide: this is necessary to ensure the 
nucleophilicity of the amino group.187,188 Overnight reflux in N-methyl-2-pyrrolidone (NMP) in the 
presence of K2CO3 led to the formation of the desired tetra-substituted product (91), even though 
neither 84 nor the base appeared to be completely soluble in the reaction medium (Scheme 11). A 
shorter reaction time or a lower reaction temperature yielded not only the tetra-substituted product, 
but also traces of the tri-functionalised one. Once the reaction conditions were optimised, the 
nucleophilic substitution was carried out on 83c.  
The reaction led to the formation of the desired product, but unfortunately, a side product was also 
generated: the substituent on the beta position underwent decarboxylation leaving the porphyrin 
with a beta methyl group. It was speculated that this was caused by the high reaction temperature. 
Attempts to reach fully substitution at a lower reaction temperature resulted in partially 
functionalised products, even with reaction times of up to two weeks. The use of other transition 
metals, such as copper or palladium did not improve the reactivity of the porphyrin towards the 
substitution, resulting in every case in incomplete functionalisation and/or the loss of the inserted 
carboxylic group.  
54 
 
 
Scheme 11: reaction between the zinc complex of 79c and lithium taurine 84 
Once the reaction conditions were optimised, the challenge was the purification of a water-soluble 
nucleophile (taurine) from a water-soluble porphyrin functionalised with the same moiety. No method 
was available for such separation apart from preparative-HPLC. The crude product was isolated by 
pouring the reaction mixture in diethyl ether and filtering off the solid. As expected, 1H-NMR analysis 
showed unreacted taurine. If the solid was dissolved in methanol or ethanol, and the solution left in 
the fridge for few hours, a white precipitate started to form, which proved to be unreacted taurine. 
After several steps of fractioned precipitation at low temperature, traces of unreacted taurine were 
still observable during the spectroscopic measurements.  
The results show that the beta insertion of the carboxylic acid on 79c was successful and gave good 
yields. The synthetic steps do not require harsh reaction conditions and can be performed with 
commercially available reagents. The overall synthesis can be easily scaled up to gram-scale 
maintaining the same reaction conditions. Unfortunately, though, the insertion of water-soluble 
moieties was unsuccessful. Complete functionalisation was achieved at the expense of the loss of the 
conjugatable functionality. Due to the reasons mentioned above, this approach was not considered 
viable for the preparation of the target water-soluble, conjugatable oxygen sensing species.  
To prove that the high reaction temperature was the cause of the decarboxylation (Scheme 12), a test 
was performed on the beta-functionalised substrate 83c. The porphyrin was dissolved in NMP and 
heated to 200° C for five minutes in a microwave reactor, in conditions similar to the reflux in NMP. 
Microwave heating was adopted to reach the desired temperature faster. The reaction gave a mixture 
of two porphyrins: the starting material and the decarboxylated derivative. 
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Scheme 12: decarboxylation reaction scheme 
1H-NMR of the mixture is shown in Figure 29. The characteristic porphyrin signals of beta hydrogens 
(8.70-8.95 ppm) and internal hydrogens at –2.87 ppm are present. The singlet at 4.36 ppm is the CH2 
group of the carboxylic group (see also Table 9), and the peak at 2.92 ppm was assigned to the methyl 
group formed (CH3). Mass spectrometry also confirmed the presence of two compound: one matching 
the expected mass of 83c, while the other one resulted in a loss of 44 units, weight of the CO2 lost 
during the reaction.  
 
Figure 29: 1H-NMR spectrum of 83c after partial decarboxylation reaction in CDCl3 at 298 K and 300 MHz 
To prove that the decarboxylation reaction is not specific to 83c but occurs also on other porphyrins, 
a test was performed on 83a. As before, the porphyrin was dissolved in NMP and heated to 200 °C for 
five minutes in a microwave vial. The reaction yielded a mixture of compounds from which the product 
of the decarboxylation was isolated by column chromatography. The 1H-NMR is shown in Figure 30. 
Seven beta hydrogens (8.63-8.87 ppm), 20 phenyl hydrogens (7.76-8.22 ppm) and the two internal 
H  
CH3 NHint 
CH2 
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hydrogens with negative chemical shift are characteristic of 83a. In the aliphatic region, a peak appears 
at 2.59 ppm, whose integration value is 3H. As in the case of 83c, the peak generated by the methylene 
group at 4.00 ppm (Table 9) is no longer visible. Mass spectrometry also confirmed the molecular 
structure, highlighting a loss of 44 units, as seen before for 83c.  
 
Figure 30: 1H-NMR spectrum of 83a after decarboxylation reaction in CDCl3 at 298 K and 300 MHz 
 
Figure 31: 13C{1H}-NMR (DEPTQ) of 83a after decarboxylation reaction in CDCl3 at 298 K and 75 MHz 
Ho 
H  
CH3 
NHint 
Hm + Hp 
DCM 
MeOH 
water 
hexane 
CH3 
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13C-NMR (DEPTQ) spectrum confirms the proposed structure. As shown in Figure 31, both the peak at 
177.0 ppm and 35.8 ppm, due to the carboxylic acid and the CH2 group, respectively, disappeared 
(Table 9). In addition, a peak in the aliphatic region appeared at 17.51 ppm (CH3 Figure 31), further 
confirming that the decarboxylation took place. These findings suggest that despite the successful 
functionalisation on the beta position of different porphyrins via the Michael-Claisen approach, the 
species obtained are not stable at high temperatures, as they are prone to decarboxylation. This 
behaviour suggests that these beta-functionalised species are not ideal for insertion of platinum and 
palladium, as metal insertion, especially for platinum, requires high temperatures.  
Tetraphenylporphyrin (79a) does not present any functionality that can be converted in a water-
soluble group. An efficient method to make 79a water-soluble is through the insertion of sulphate 
groups on the para position of the phenyl rings. This reaction can be performed either by treating the 
porphyrin with sulfuric acid,189 or by using chlorosulphonic acid followed by a hydrolysis in water.190–
192 Each method presents advantages and disadvantages. The use of sulfuric acid allows the insertion 
of the desired function in a single step, but it makes the isolation and the purification of the water-
soluble product more challenging, whereas the use of chlorosulphonic acid requires an additional step 
but the purification of the product is more straightforward. In the latter case, the chlorosulphonyl 
group is inserted by treatment with an excess of chlorosulphonic acid at room temperature, and the 
resulting porphyrin is refluxed in water overnight to hydrolyse the chlorosulphonic groups to 
sulphonates. Crucially, if the chlorosulphonation reaction reaches completion the subsequent 
hydrolysis step can be carried out on the crude material without further purification. In our hands, the 
reaction proceeded smoothly on 79a as substrate, but when performed on the beta functionalised 
substrate 83a, MS analysis showed that the porphyrin lost the entire carboxymethyl chain from the 
beta position. Complete loss of the chain on the beta position was also obtained when performing the 
reaction on 81a or 82a, highlighting the unstable nature of the side chain under the reaction 
conditions. We speculate that chlorosulphonic acid attacks the methylene adjacent to the carbonyl 
group, cleaving the chain on the beta position.193 Reducing the equivalents of chlorosulphonic acid (4 
equivalents) and/or reducing the reaction temperature (–10 °C) did not prevent the detachment of 
the side chain. Similarly to what was observed for 83c, the desired beta functionalisation of 83c was 
successfully achieved, but the reaction conditions to introduce the water-solubilising group were not 
compatible with the integrity of the carboxymethyl group. The behaviour observed for 83c was the 
same as the one shown by porphyrins 82d and 82e, and in both cases, it led to a loss of the side chain 
from the beta position, caused by BBr3 in the case of 82d and 82e and by HSO3Cl in the case of 83a.  
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2.8 -functionalisation of 5,10,15,20-tetra(3-pyridyl) porphyrin 
The starting porphyrin was obtained via the Rothemund synthesis, because the Lindsey approach 
cannot be used due to the basic nature of 3-pyridinecarboxaldehyde, which inactivates the Lewis acid 
catalyst and prevents the formation of the porphyrinogen. The yield of the reaction is shown in Table 
1 and it is in line with the previously reported data.155 
Nitration  
 
Scheme 13: nitration reaction condition for copper complex of 79f 
Direct nitration of porphyrin 79f in the presence of copper or zinc failed due to the formation of 
insoluble intermolecular complexes caused by the interactions of the pyridyl nitrogens with the metal 
ions.194 To circumvent the problem, a different approach was adopted (Scheme 13): first the copper 
complex 92 was obtained by stirring a solution of porphyrin in acetic acid with an excess of copper 
sulphate,195 then the nitration was carried out. Nitration of pyridyl-porphyrins can be performed by 
bubbling nitrogen dioxide in a chloroform solution of porphyrin.196,197 A similar procedure was adopted 
with the difference that the nitrating species was generated in situ in a custom-made apparatus 
(Figure 32) rather than using a gas cylinder. In the apparatus, a dropping funnel (A) containing TFA 
was connected to a 2 necks flask (B) containing sodium nitrite and a magnetic stirrer. Flask B was 
connected via a cannula adapter (C) to a flask (D) containing the porphyrin dissolved in chloroform 
and kept in a salt-ice bath. The system was sealed to prevent contact with air. The reaction of TFA with 
sodium nitrite generates gaseous NO2 (orange gas, Figure 32), which diffuses in the flask containing 
the porphyrin. When the reaction is carried out at room temperature, it leads to the formation of di-
nitrated species, as detected by mass spectrometry, and to a poor yield of the desired product. 
Performing the reaction in a salt-ice bath (see right bottom corner of Figure 32) at –10 °C/–15 °C 
remarkably reduced the formation of side-products, thus increasing the yield. The lower temperature 
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also allowed the porphyrin to precipitate once functionalised, facilitating the purification. Optimised 
conditions gave a yield of 88 %, a value in line with the ones obtained in the nitration with the nitrate 
salt and acetic anhydride (see Table 4 for comparison) and with the literature.196 The nitro-porphyrin 
was analysed by NMR spectroscopy after copper removal (93b). As for other substrates, the 1H-NMR 
showed increased multiplicity in the signals of the beta hydrogens, due to the introduction of 
asymmetry in the structure. The singlet present in the spectrum of the parent compound splits into a 
multiplet integrating 5H and a singlet integrating 2H, as shown in Table 11.  
 -H Hint 
before 8.91 -2.75 
after 8.73-9.00 -2.68 
Table 11: NMR and UV-Vis data before and after nitration for 79f 
 
Figure 32: apparatus setting for nitration reaction of 92 
 
  
dropping funnel A 
2 necks flask B 
cannula adapter C 
flask D 
salt-ice bath 
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Michael-like addition/elimination  
 
Scheme 14: Michael-like addition/elimination reaction scheme for 93a 
As for the other derivatives, Michael addition was carried out to replace the nitro group with ethyl 
acetoacetate (Scheme 14). The reaction was performed in DMSO with K2CO3 as a base, and it reached 
completion after 1 hour at room temperature. Removal of copper to obtain 94b was performed with 
20 % H2SO4 in TFA.179,180 The harsh reaction conditions required for metal removal resulted in a mixture 
of products, and the Michael adduct was isolated by column chromatography. Figure 33 shows the 
1H-NMR of compound 94b. 
Similarly to what observed for the other Michael adducts, a peak with integral value of 1H is present 
at 13.16 ppm, indicating that 94b exists predominantly as the enolic tautomer. The beta hydrogens 
appear between 8.73 and 8.93 ppm and, as in the case of the porphyrin 93b, the beta hydrogens in 
94b appear as multiplets (with integral value of 7H). At higher fields, the characteristic system already 
seen for the other substrates appears at ca. 4 ppm (Figure 27): two multiplets with integral value of 
1H each are assigned to the CH2 in the ethoxy group, indicating that the two protons are diastereotopic. 
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Figure 33: 1H-NMR spectrum of 94b with expansions in CDCl3 at 298 K and 300 MHz 
Astonishingly, the signals of the pyridyl hydrogens were not observed, but to our relief, mass 
spectrometry confirmed the formation of the expected molecule. In the aliphatic region, the singlet 
at 2.00 ppm and the triplet at 0.78 ppm (both with integral value of 3H) are assigned to the methyl in 
the acetyl group and in the ethoxy group, respectively.  
Claisen cleavage and hydrolysis 
 
Scheme 15: Claisen cleavage and hydrolysis for 94b 
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We found that the Claisen cleavage and the hydrolysis reaction had to be performed together to 
obtain the desired product in high yields, as shown in Scheme 15: indeed, attempting either the Claisen 
cleavage step or the hydrolysis separately led to the formation of multiple reaction products, as 
verified by thin layer chromatography (TLC). Therefore, carrying out the two steps in tandem was the 
best option. Conveniently, the protonation of the nitrogen atoms on the pyridyl rings promoted the 
solubilisation of the porphyrin in the acidic aqueous reaction medium with no need for a co-solvent. 
TLC showed the formation of a mixture of products, one of which was highly polar and easily separable 
from the others. This product resulted to be the desired carboxylic-acid-functionalised porphyrin 95. 
Compound 95 was analysed by NMR. 1H-NMR and 13C-NMR spectra are shown in Figure 34 e Figure 
35, respectively. 
  
On the 1H-NMR spectrum (Figure 34), a sharp peak is present at 15.28 ppm, which is assigned to the 
carboxylic group. Intriguingly, the integration of this peak shows a value of 3H, while at the same time 
no peak attributable to the internal hydrogens is seen at negative chemical shifts. We speculate that 
the peak at 15.28 ppm is caused by both the carboxylic acid and the internal hydrogens. This can be 
due to an instrumental artefact (folding), in which the processing shifted the internal hydrogens peak 
from one extreme to the other of the spectrum, causing the two signals to overlap. At higher fields 
two very broad peaks can be observed, one with integral value of 2H and the other with integral value 
of 5H, both assigned to the beta hydrogens (H). The pyridyl hydrogens signals are visible between 
6.69 and 7.36 ppm as two doublets, a singlet and a doublet of doublets collapsed into a triplet, as 
summarised in Table 12. No CH2 signal is detected from the 1H-NMR spectrum, indicating that the 
signal may fall under the water peak at ca. 3.4 ppm.  
Multiplicity Chemical shift (ppm) H 3J (Hz) 
 
d  7.32-7.36 H4 3JH4-H5 = 11.25 Hz 
d 7.05-7.08 H6 3JH6-H5 = 9.6 Hz 
s 6.89 H2 - 
dd  6.69-6.76 H5 
3JH5-H4 = 11.25 Hz 
3JH5-H6 = 9.6 Hz 
Table 12: Pyridyl hydrogens 1H-NMR data for 95 
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Figure 34: 1H-NMR spectrum of compound 95 in DMSO-d6 at 298 K and 300 MHz 
The carbon (DEPTQ) spectrum is shown in Figure 35. The peak at 182.4 ppm is assigned to the 
carboxylic group (COOH Figure 35), although it appears at lower field compared to the other 
porphyrins (see Table 9 for comparison), indicating a stronger electron withdrawing effect of the 
macrocycle on the carboxylic carbon. In the 13C-NMR the signal relative to CH2 group falls under the 
residual solvent peak at ca. 40 ppm. UV-vis and mass spectrometry analysis also confirmed the 
molecule was the expected product. The absorbance spectrum presented the characteristic Soret 
band at 419 nm, followed by four Q bands. Mass spectrometry confirmed the mass of the desired 
compound. 
H5 
H  
H2 
H6 
H4 
H  
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Figure 35: 13{1H}C-NMR (DEPTQ) spectrum of compound 95 in DMSO-d6 at 298 K and 75 MHz 
Water solubilisation  
 
Scheme 16: water solubilisation reaction scheme of 95 
Water solubility was introduced in the molecule as shown in Scheme 16. The porphyrin is generally 
treated with an excess of a methylating agent, either methyl p-toluenesulphonate198,199 or methyl 
iodide.200 Methylation of porphyrins is normally carried out in dimethylformamide (DMF), but NMP 
can also be used.201 These polar aprotic solvents prevent the precipitation of partially methylated 
products in the reaction medium, allowing the reaction to reach completion. The purification of the 
COOH  
65 
 
desired product was carried out via a double counterion exchange, and the method was optimised for 
the purification of A3B porphyrins and will be discussed extensively in chapter 3. Inconveniently, the 
methylation occurred not only on the pyridyl nitrogens but also on the carboxylic acid on the beta 
position. Unfortunately, 1H-NMR spectrum of compound 96a does not give any structural information 
(Figure 36). 
 
Figure 36: 1H-NMR spectrum of 96a in DMSO-d6 at 298 K and 300 MHz 
From the position of the unresolved signals, the peak at 4.61 ppm can be tentatively attributed to the 
methyl-pyridyl group. The other two peaks at 9.51 ppm and 8.35 ppm could be the pyridyl or the beta 
hydrogens, or a combination of both. The NMR data collected is not enough to confirm the structure 
of the molecule, but mass spectrometry confirmed that the molecule is the desired product, and UV-
vis spectrophotometry proved the presence of a porphyrin. The undesired methylation of the 
carboxylic group required us to proceed with a second hydrolysis to reveal the carboxylic acid (96b). 
To this end, the porphyrin was dissolved in concentrated aqueous HCl and left stirring overnight. The 
1H-NMR spectrum of compound 96b is similar to the one obtained for the parent ester 96a (Figure 36), 
and gives little information on the structure of the molecule. Mass spectrometry and UV-vis analysis, 
however, confirmed the expected mass and the absorbance of a porphyrin molecule, respectively.  
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2.9 Beta-functionalisation conclusions 
Despite a few problems being encountered during the synthetic procedure, the beta functionalisation 
of different porphyrins was overall successful. A carboxylic acid functionality was successfully inserted 
on the beta position of macrocycles bearing different meso-aryl groups. The starting porphyrins were 
synthesised employing Rothemund or Lindsey synthetic method, the latter of which afforded higher 
yields. 
The insertion of the nitro group on the beta position required different conditions for different 
porphyrins. 79b and 79c, the most electron withdrawing ones, were functionalised employing zinc 
nitrate, while for other substrates copper nitrate was the salt of choice. The nitration of 79f was 
performed with nitrogen dioxide generated in situ on the copper complex of the porphyrin. The 
second step of the functionalisation was the substitution of the nitro group by a 1,3-ketoester, in this 
case methyl or ethyl acetoacetate. DMSO was the most suitable solvent for this transformation, 
despite the degradation observed for 79c. For this derivative, the problem was circumvented 
performing the reaction in ice, with a constant monitoring. The reaction presented good yields on all 
the substrates, requires mild reaction conditions, has gram-scale applicability and employs 
commercially available starting materials. 
The third step of the synthetic procedure was a Claisen cleavage of the acetyl group. As for the 
previous step, the reaction affords the desired products in good yields under relatively mild conditions. 
As highlighted in the previous sections, the substrate must undergo metal extrusion before the 
cleavage can take place. 
The last step of the beta functionalisation was the hydrolysis of the ester to obtain the deprotected 
carboxylic acid. The reaction was performed in acidic aqueous conditions, with the use of a co-solvent 
to better dissolve the substrates, except for compound 94b, in which the pyridyl nitrogens are 
protonated and enhance the solubility of the porphyrin in water. Good yields were obtained for this 
transformation under relatively mild reaction conditions. The carboxylic acid functionality was 
successfully introduced on the beta position of the different macrocycles.  
Water solubilisation was the next step in the building of the oxygen sensor. Different approaches were 
necessary to reach this goal on the different porphyrins, according to the reactivity of the molecule. 
Unfortunately, most of the methods required reaction conditions that were not tolerated by the chain 
in the beta position. The carboxylic acid was unstable at high temperatures, undergoing a 
decarboxylation reaction or cleavage by both BBr3 and chlorosulphonic acid. Only in the case of 95 the 
moiety remained in place after the quaternisation of the pyridyl nitrogens, despite the undesired 
esterification which required a further hydrolysis to obtain the carboxylic acid.   
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3 Synthetic approach for porphyrins A3B 
Based on the evidences discussed in the previous session, it was verified that the chain on the beta 
position was too labile to withstand insertion of platinum and palladium and further manipulation. A 
different approach was required to obtain conjugatable water-soluble oxygen-sensing porphyrin 
complexes. Therefore, we decided to focus the attention on the direct synthesis of porphyrins bearing 
a carboxylic group on their structures.  
The chosen approach to reach the goal involved the synthesis of asymmetrically meso-substituted 
porphyrins, in which one aryl group bears a carboxylic function (Scheme 17). The synthesis is referred 
to condensation A3B,145 in which two different aldehydes are reacted together in a 3:1 ratio.202 Three 
porphyrins were prepared employing this method (Scheme 17). The synthesis and the reactivity are 
specific for each porphyrin, and they will be evaluated one by one.  
 
Scheme 17: A3B porphyrins structures 
3.1 A3B porphyrins synthesis  
A3B porphyrins bearing pyridyl rings on the meso position are widely used for biological applications 
due to the possibility of straightforward transformation of the molecules in water-soluble 
species.200,203,204 We chose to use 5-(4-carboxymethylphenyl)-10,15,20-tris(4-pyridyl)porphyrin 97, 
whose synthesis is shown in Scheme 18.  
Three equivalents of 4-pyridinecarboxaldehyde were reacted with one equivalent of methyl-4-
formylbenzoate and four equivalents of pyrrole, in refluxing propionic acid following the Adler-Longo 
synthetic method.155 As discussed earlier, the Lindsey approach cannot be used in the synthesis of this 
porphyrin because of the presence of the pyridyl nitrogen, which would inactivate the catalyst 
preventing the cyclisation.158 The formation of the porphyrinogen is a reversible reaction: in time, it 
reaches the equilibrium forming all the combinations between the aldehydes, as shown in Scheme 19.  
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Scheme 18: synthesis of pyridyl porphyrin 97 
The porphyrins 97a-e are shown in order of increasing polarity, starting from the least polar 4-
tetracarboxymethylphenyl porphyrin (97a), to finish with the most polar 4-tetrapyridyl porphyrin 
(97e). After filtration on a silica pad to remove the tar formed in the reaction, the desired A3B 
derivative was isolated by column chromatography on silica gel. The strong polarity and the presence 
of basic groups make this process extremely challenging. 
 
Scheme 19: different porphyrin isomers produced by the synthesis 
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The interactions of the pyridyl nitrogens with the silica reduce the retardation factor of the species 
and decrease the resolution power. The A3B porphyrin 97 is the fifth in order of elution. We verified 
that remaining traces of propionic acid seriously hamper the purification process as they further 
reduce the resolution of the mixture. The yield of porphyrin 97  was very low (4.5 %), but in line with 
the results reported in the literature for similar species.205,206 This approach allowed us to obtain in a 
single synthetic step a porphyrin bearing a protected anchoring moiety (the ester group) and groups 
that can be used to introduce water solubility (pyridyl nitrogens). With the approach discussed in the 
previous sections, four steps were required to obtain the same functionalisation of the molecule. 
Despite the very low yield of the A3B derivatives, the gain in time and materials is advantageous 
compared to the beta functionalisation.  
The 1H-NMR spectrum of compound 97 (Figure 37) displays the characteristic signal at negative 
chemical shift for the two internal hydrogens (NHint). The very sharp singlet at 4.13 ppm is assigned to 
the ester methoxy group (OCH3) based on its characteristic chemical shift and integration value. In the 
aromatic region, the broad peak at 9.07 ppm is assigned to the hydrogens in ortho to the pyridyl 
nitrogen (HPy-o). At higher field the eight beta hydrogens give a signal at ca. 8.86 ppm (H), which is 
composed of two overlapped signals. This effect is caused by the presence of one different meso 
substituent, which introduce a differentiation of the pyrrolic hydrogens. The integration value of the 
peaks is 6H and 2H, suggesting that the closest beta hydrogens to the carboxymethylphenyl ring are 
chemically different from the others. The two doublets integrating 2H each in the inset of Figure 37 
correspond to the ortho (HAr-o) and meta (HAr-m) hydrogens to the ester group in the phenyl ring, 
respectively. The signal at highest field in this region is assigned to the six hydrogens meta to the 
nitrogen in the pyridyl rings (HPy-m). The spectrum is consistent with the data reported in the 
literature.205,206 13C-NMR spectrum of 97, not shown here, highlights the presence of a carbonyl species 
at 167.3 ppm.  
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Figure 37: 1H-NMR spectrum with expansion of 97 in CDCl3 at 298 K and 600 MHz 
The second porphyrin synthesised was 5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin (98) shown 
in Scheme 20. Benzaldehyde was reacted with 4-formylbenzoic acid and pyrrole in a 3:1:4 ratio. 
Rothemund procedure was chosen because it allowed to obtain a porphyrin with a free carboxylic 
group instead of its methyl ester, which in this case facilitates the purification process by enhancing 
the Rf difference between the products on silica. The disadvantage of this approach is that it precludes 
the use of Lindsey method, due to the presence of the free carboxylic acid, which would lead to the 
inactivation of the catalyst.207 The two major product of the reaction were porphyrins A4 79a and A3B 
98, while other products derived from the possible combinations of the two aldehydes were present 
only in traces. Despite the low yield (4.6 %), the purification of the desired compounds was simpler 
and quicker. The spectrum is consistent with the data reported in the literature.208 
NHint 
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H 
HAr-o HAr-m 
HPy-o 
HPy-m 
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Scheme 20: 5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin synthesis reaction scheme 
A further A3B derivative obtained was the 5-(4-carboxymethylphenyl)-10,15,20-
tris(pentafluorophenyl) porphyrin 99 (Scheme 21). In this case, the higher-yielding Lindsey synthesis 
was employed209–213 due relatively high price of 2,3,4,5,6-pentafluorobenzaldehyde and its poor 
stability under Adler-Longo conditions. As a consequence, the methyl ester of 4-formylbenzoic acid 
was used.207 A 3:1 stoichiometric mixture of the two aldehydes was treated with BF3·Et2O in dry DCM 
under reflux conditions for 4 hours. An excess of chloranil was subsequently added to oxidise the 
porphyrinogen to the corresponding porphyrin. As in the case of 98, the main products of the reaction 
were the A4 porphyrin 79c and A3B 99. 
 
Scheme 21: 5-(4-carboxymethylphenyl)-10,15,20-tris(pentafluorophenyl)porphyrin 99 reaction scheme 
Purification by chromatographic column gave 99 in 17 % yield, a considerable improvement over the 
yields of the derivatives previously described. A further advantage of this method consists in the 
possibility of scaling-up the reaction to obtain grams of porphyrins. Crucially, refluxing the reaction 
· 
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mixture is desirable but not essential for porphyrinogen formation, as its effect is a faster starting 
material consumption: indeed, reactions performed at room temperature lead to consumption of the 
starting material over a period of two days, without significantly decrease of the yield. It is worth 
noting that 79c, a side product of the reaction in this context, is actually a precious and expensive 
porphyrin that can be collected in high purity during the purification step, without further effort. 
1H-NMR of compound 99 is shown in Figure 38. At low fields, eight beta hydrogens (H) appear as two 
broad peaks instead of a sharp singlet, since the porphyrin bears a different substituent in one of the 
meso positions. Two doublets are present in the aromatic region, which are generated by the 
hydrogens in the ortho and meta positions relative to the methyl ester group (Ho and Hm). The two 
internal hydrogens appear at negative chemical shift (NHint) and the methoxy group as singlet at 4.14 
ppm (OCH3). 19F-NMR spectrum (Figure 39) shows three main peaks, generated by ortho, para and 
meta fluorines, respectively. Expansion of the spectrum highlights the coupling between the fluorines 
and the differentiation of the chemical shifts by the lower degree of symmetry of the molecule 
compared to 79c. All the assignment are in agreement with those reported previously.210,211  
 
Figure 38: 1H-NMR spectrum with expansion of 99 in CDCl3 at 298 K and 600 MHz 
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Figure 39: 19F{1H}-NMR spectrum with expansions of 99 in CDCl3 at 298 K and 565 MHz 
3.2 Water solubilisation of A3B porphyrins  
Employing the same approach shown in Figure 28 for the beta-functionalisation, the reaction to 
enable water solubilisation was carried out at the meso-substituted aryl rings. With the starting 
porphyrin 97 in hand, attention focused on the transformation needed to make the compound soluble 
in aqueous media (Scheme 22). 
 
Scheme 22: water solubilization reaction scheme for 97 
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As discussed earlier, pyridyl-porphyrins can be made to be water-soluble by straightforward alkylation 
of the pyridyl nitrogens by treating with an excess of methyl iodide in NMP.201 Since it was verified 
that the carboxylic group reacted with methyl iodide to form the corresponding methyl ester, even if 
not quantitatively, it was decided to carry out the methylation prior to the hydrolysis of the ester. This 
reaction afforded the desired species (100) in quantitative yield. 
Ion exchange purification method for positively charged porphyrins146,214,215 
Although cationic water-soluble porphyrins can be purified by reverse-phase liquid chromatography, 
the tendency of the macrocycles to strongly adhere to the silica, together with the cost of the columns 
and the time required to obtain sufficient quantity of product, made this purification method not ideal 
for the purposes of this work. 
A method based on ion-exchange would allow the straightforward purification of the product from 
both water-soluble and non-water-soluble impurities, suitable for scale-up and not requiring 
expensive instrumentation.   
The optimised purification method consisted of adding potassium hexafluorophosphate to an 
aqueous solution of the porphyrin triiodide obtained from the methylation reaction. This caused the 
water-insoluble hexafluorophosphate salt to precipitate from solution. The precipitate was dissolved 
in acetone and precipitated as the corresponding chloride salt after addition of tetrabutylammonium 
chloride (TBAC). Further crystallisation of the solid from MeOH/Et2O afforded the desired species in 
high purity. This purification approach is based on drastic change of solubility of the salt driven by 
exchange of the counter-anion.214 The porphyrin originally is soluble in polar solvents, like water and 
methanol, but not soluble in organic solvents such as acetone, chloroform and acetonitrile. The 
hexafluorophosphate salt, on the other hand, shows opposite solubility, so it precipitates from water 
and is soluble in acetone. Water-solubility is recovered in the last step by the addition of TBAC to the 
acetone solution, which leads to hexafluorophosphate/chloride exchange and causes the water-
soluble chloride to precipitate from acetone.146 The final crystallisation from MeOH/Et2O is essential 
to eliminate remaining traces of TBAC. Cooling the suspension prior the filtration helped recovering 
the product by slowing down the evaporation of the solvent. A further advantage of this purification 
method is the increased water-solubility of the chloride salt of the porphyrin compared to the 
corresponding iodide salt. While optimising the purification method, different hexafluorophosphate 
salts were screened and it was found that ammonium, sodium and potassium hexafluorophosphate 
salts are equally efficient as precipitating agent. The choice of KPF6 was based on its lowest price. 
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Crucially, the whole process can be carried out in a single centrifugation tube, thus limiting the loss of 
material that could arise from multiple filtration steps. 
1H-NMR spectrum of compound 100, shown in Figure 40, contains one additional signal when 
compared to that of the starting material (97). The singlet at 4.74 ppm is assigned to the methyl groups 
introduced on the pyridyl nitrogens (N+CH3). In fact, the integration value of this signal is 9H. 
Moreover, a general downfield shift of the signals can be noted, especially for the hydrogens meta to 
the pyridyl nitrogen (HPy-m). All the signals are consistent with the previously reported data.205,206 
 
Figure 40: 1H-NMR spectrum with expansion of 100 in DMSO-d6 at 298 K and 600 MHz 
The hydrolysis of the methyl ester was carried out in water in the presence of an excess of lithium 
hydroxide at room temperature (Scheme 23). TLC and MS analysis showed that completion was 
reached in one hour, and that prolonged reaction times resulted in porphyrin degradation, seemingly 
indicating the instability of the species in alkaline environments. The ion exchange approach described 
above was used to purify the desired product. Crucially, neutralisation of the base is necessary prior 
to the ion exchange purification, as no precipitation occurred when the hexafluorophosphate salt was 
added directly to the reaction environment. This behaviour can only be ascribed to the presence of 
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76 
 
the hydroxide anions, which seems to prevent the interaction of the hexafluorophosphate ion with 
the porphyrin and the subsequent precipitation of the compound.  
 
Scheme 23: hydrolysis reaction scheme of 100 
The structure of the compound was confirmed by NMR spectroscopy. 1H-NMR spectrum (Figure 41) 
indicates the loss of the methoxy group by the disappearance of the peak at 4.07 ppm, and the very 
broad signal that appears at down fields, at 13.24 ppm indicates the presence of carboxylic acid group 
(COOH). The signals in the aromatic region appear broader, which can be due to the aggregation of 
the porphyrin and subsequent precipitation in the NMR tube. 
 
Figure 41: 1H-NMR spectrum of 73 in DMSO-d6 at 298 K and 600 MHz 
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The introduction of water-solubility on porphyrin 98 was achieved by treatment with chlorosulphonic 
acid and subsequent hydrolysis to insert sulphonate groups on the meso-phenyl groups (Scheme 
24).190,192 The reaction was performed in chloroform with an excess of chlorosulphonic acid. After one 
hour at room temperature, the reaction mixture was cooled in an ice bath and slowly neutralized with 
bicarbonate. The porphyrin, bearing chlorosulphonyl groups on the phenyl rings, is not water soluble 
and can be filtered from the aqueous mixture. The neutralisation step must be performed with care, 
because if the addition of the base is too fast, the temperature of the mixture increases, and partial 
hydrolysis of the chloride group takes place, leading to a mixture of partially water-soluble derivatives 
that hampers the purification step. The chlorosulphonyl porphyrin was then suspended in water and 
heated to reflux overnight, allowing the hydrolysis reaction to reach completion.  
 
Scheme 24: water solubilization reaction for 98 
The 1H-NMR spectrum of compound 76 is shown in Figure 42. The signal generated by the internal 
hydrogens appears at negative chemical shift (NHint), and the beta hydrogens appear at 8.86 ppm (H). 
Four further signals, all of them doublets, are present in the aromatic region. Two of them present an 
integral value of 2H and are assigned to the hydrogens ortho and meta to the carboxylic acid (5-Ar-Ho 
and 5-Ar-Hm). The remaining two signals present an integral value of 6H each and can be assigned to 
the hydrogens in ortho and meta positions relative to the sulphonate group (10,15,20-Ar-Ho and 
10,15,20-Ar-Hm). The para hydrogens of the phenyl rings were replaced by the sulphonate groups, and 
therefore are not present in the spectrum. No signal was detected relative to the COOH group at down 
fields, due to probably exchange with the solvent. The spectrum agrees with the data reported in the 
literature.146 
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Figure 42: 1H-NMR spectrum with expansion of 76 in DMSO-d6 at 298 K and 600 MHz 
Purification of 76 was achieved through an ion-exchange method that was developed as part of this 
work. The method was initially developed to purify 91 from the water-soluble nucleophiles employed 
for the aromatic nucleophilic displacement of the fluorines, and its details will be discussed later.  
The approach to obtain water-soluble porphyrins based on derivative 99 was based on the aromatic 
nucleophilic substitution on the para fluorines, as discussed in section 2.7 for 79c.185 Functionalisation 
of 99 according to this strategy led to two conjugatable water-soluble porphyrins, one negatively and 
one positively charged. 
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Anionic water-soluble derivative of porphyrin 99 
Displacement of para-fluorine with taurine was carried out using the conditions adopted to obtain 91. 
The reaction was performed on the zinc complex of 99 (101, Scheme 25), obtained by treatment of 99 
with an excess of zinc acetate. NMR and UV-visible spectroscopy confirmed the formation of the 
complex, by disappearance of the internal hydrogens peak and of two Q bands, respectively. Complex 
101 was treated with lithium taurine (84) in NMP overnight at 200 °C (Scheme 25). Complete 
functionalisation was achieved and in this case, unlike what was observed for the beta-functionalised 
derivative, the carboxylic group was unaffected by the reaction conditions.  
 
Scheme 25: water solubilisation reaction for zinc complex of 99 
Following displacement of fluoride ions, addition of concentrated aqueous HCl to the reaction medium 
led to simultaneous demetallation of the porphyrin and hydrolysis of the methyl ester, affording the 
target water-soluble conjugatable species.  
1H-NMR analysis confirmed the structure of the porphyrin (Figure 43). In addition to the eight beta 
(H), four aryl (Ho and Hm) and two internal hydrogens (NHint), new peaks are visible in the spectrum 
that confirm the presence of the taurine moiety. The singlet at 6.66 ppm was assigned to the amine 
hydrogens (NHm), while the two broad singlets between 2.96 and 3.91 ppm are attributed to the CH2 
groups of the taurine moiety: the signal with higher chemical shift is assigned to the groups bearing 
the electron-withdrawing sulphonate (H2), while the peak at 2.96 ppm to the methylenes attached to 
the amine groups (H1). Table 13 shows the structure of the molecule and the hydrogen assignments. 
The spectrum was recorded without spinning of the sample (256 transitions) to achieve a better 
80 
 
resolution, and the four carboxyphenyl hydrogens appear as two doublets with integral value of 2H 
each.  
Multiplicity 
1H δ 
(ppm) 
Integration 
value 
Assignment 
 
br m 9.22 6 H 
br m 8.91 2 H 
d 8.28 2 Ho 
d 8.14 2 Hm 
s 6.66 3 NHm 
t into br s 3.91 6 H2 
t into br s 2.96 6 H1 
Singlet –3.03 2 NHint 
Table 13: peak assignment and structure of 102 
 
Figure 43: 1H-NMR spectrum with expansion of 102 in DMSO-d6 at 298 K and 600 MHz 
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19F-NMR spectroscopy was very useful for the characterization of 102 (Figure 44). The peak at        –
151.5 ppm generated by the para fluorines visible on the spectrum of 99 disappeared (Figure 39), 
indicating that a complete functionalisation took place. The signals at –143.7 ppm and –162.6 ppm 
are attributed to the ortho and meta fluorines, respectively.  
All the 1H-13C assignments are summarised in Table 14 below. 
13C δ (ppm) Assignment 1H δ (ppm) Assignment 
 
167.7 COOH - - 
134.5 Co 8.41 Ho 
127.9 Cm 8.41 Hm 
42.0 C2 3.91 H2 
50.8 C1 2.96 H1 
Table 14: hydrogen-carbon assignments and structure of 102 
 
Figure 44: 19F{1H}-NMR spectrum with expansion of 102 in DMSO-d6 at 298 K 565 MHz 
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Figure 45 and Figure 46 show the hydrogen-carbon 2D-NMR correlation. DEPT-edited 1H,13C-HSQC 
(Figure 45) helped to assign the hydrogens present in the taurine chains to the carbon atoms they are 
linked to, as highlighted in the expansion of the green circle in Figure 45. The hydrogen signals at 2.96 
ppm (H1) and 3.91 ppm (H2) indicate a correlation with the carbons at 50.8 ppm and 42.0 ppm, 
respectively. The confirmation that the hydrogen signal at higher ppm corresponds to the CH2 group 
directly attached to the sulphonate group, as suggested before, was achieved upon inspection of the 
1H,13C-HMBC spectrum shown in Figure 46. The blue circle of Figure 46 highlights the 2J correlation 
between the hydrogens in the amine groups with the closest carbon of the moiety, at 50.8 ppm. This 
carbon correlates with the hydrogen signal at 2.96 ppm (H1), confirming the proposal. The dots 
indicated with an orange X in Figure 46 represents the cross correlations between H1 with C2 and H2 
with C1.  
 
Figure 45: DEPT-edited (135°) 1H,13C-HSQC spectrum of 102 with expansion, red dots CH2 up, blue dots CH/CH3 down, in 
DMSO-d6 at 298 K and 600 MHz and 150 MHz 
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Figure 46: 1H,13C-HMBC spectrum of 102 in DMSO-d6 at 298 K and 600 MHz and 150 MHz 
It is interesting to note that the hydrogen at 3.91 ppm (H2) presents a correlation (red circle in Figure 
46) with a carbon at 129.7 ppm. This hydrogen-carbon correlation is displayed on the 2D spectrum 
probably due to its high 4J value. Inconveniently, the carboxyphenyl hydrogens appear as a singlet, 
preventing from a secure assignment to the relative carbons. However, it can be assumed that the 
signal at higher chemical shifts (134.5 ppm) is generated by the carbons in ortho to the carboxy group. 
Automatically, the signal at 127.9 ppm is assignable to the carbon in meta position of the 
carboxyphenyl ring, as summarized in Table 14. 
The area in the green circle in Figure 46 is expanded in Figure 47. The dots indicated with a purple X 
represents the cross correlations between the ortho hydrogens of the carboxyphenyl ring (Ho) with 
the meta carbons (Cm) and vice versa. The last correlation (red circle in Figure 47) is relative to the 
ortho hydrogens (Ho) with the carbonyl carbon at 167.7 ppm. Therefore, the remaining three 
correlations must be between the aryl hydrogens with the two quaternary carbons of the ring, and 
with the closest meso carbon, the one bearing the carboxyphenyl ring. No unequivocal assignment is 
possible with the data available, but the chemical shifts of the carbons are 120.8 ppm, 131.2 ppm and 
144.8 ppm. Moreover, it can be noted in Figure 47 (blue circle) that the amine hydrogens signal at 
6.66 ppm presents two correlations with two different carbons, at 135.8 ppm and 137.4 ppm. These 
H2 H1 Ho + Hm 
NHm H 
C2 
C1 
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two signals could be assigned to the two para carbons attached to the amines of the moieties on the 
two magnetically different aryl rings. 
 
Figure 47: expanded area of 1H,13C-HMBC spectrum for 102 (green circle in Figure 46)  
Ion exchange purification method for negatively charged porphyrins 
Purification methods for anionic water-soluble porphyrin are occasionally reported in the literature 
but they are extremely cumbersome. Separation of sulphonated porphyrins from inorganic salts 
mixtures has been carried out by continuous or fractioned extraction with methanol or ethanol until 
no inorganic salts were present,216 or by treatment with methanolic ammonia followed by repeated 
precipitation of the inorganic impurities with addition of acetone.217,218 Following sulphonation with 
sulphuric acid, the addition of calcium oxide can help removing the sulphate in excess by repeated 
precipitation in H2O/acetone.219 Several precipitations in acetone/MeOH with later dissolution in 
water and purification through a Sephadex column (G25) can also be carried out to purify the 
compound.220 Despite these tedious and scarcely reproducible methods require relatively large 
volume of solvents, and the use of expensive solid supports leads to the loss of material with 
subsequent low yields, they are somewhat effective to obtain moderate amounts of sulphonated 
porphyrins.217,218 In our hands, when applied to the purification of 102, none of these approaches was 
successful. Separating lithium taurine from water-soluble 102 bearing three moieties essentially 
identical to taurine proved extremely challenging. Crystallisation of the unreacted taurine in cold 
methanol and subsequent filtration led to enrichment of the mixture but not to pure 102, as 
highlighted by spectroscopic analysis.  
Based on the success of the ion-exchange method to purify cationic species, the attention was focused 
on the development of a similar method for negatively charged derivatives. In order to carry out ion 
Ho + Hm NHm 
Cm 
Co 
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exchange, a water-soluble salt whose cation would cause the precipitation of the negatively charged 
porphyrin in water was required. This non-water-soluble salt would need to be soluble in organic 
solvent, so that treatment with a sodium salt of similar solubility would cause the precipitation of the 
sodium salt of the porphyrin. The development of the method started from the few examples of 
purification of organic sulphonates using tertiary amines reported in the literature.221,222  
In our hands, neither hydrochlorides of tertiary aliphatic amines nor tetra-alkyl ammonium salts were 
effective in inducing the precipitation of the sulphonate salt. Bulky hydrocarbon moieties could 
decrease the water solubility of the ion pair, so we turned our attention to aniline derivatives. The 
hydrochloride salt of dibutylaniline (103 in Figure 48) proved suitable for the purpose, as the 
precipitation of 102 was induced by the addition of dibutylaniline followed by aqueous HCl to the 
porphyrin solution.  
 
Figure 48: structure of dibutylanilium chloride 103 
We found that the use of pre-formed 103 as a solid was more convenient. The salt was obtained by 
dissolving dibutylaniline in methanol, followed by methanolic HCl and precipitating 103 by addition of 
diethyl ether after 1 hour at room temperature. The salt, collected by filtration was sufficiently pure 
for the purpose. 
Dibutylaniline (104 in Scheme 26) is relatively expensive compared to dimethyl and diethyl aniline, so 
it seemed reasonable to try to obtain non-water-soluble porphyrin salts with cheaper starting 
materials. Both anilines were converted into the corresponding hydrochlorides, but interestingly, 
neither of the two behaved as expected. In both cases, the supernatant of the aqueous porphyrin 
solution retained partial colour after the addition of the hydrochloride salt, indicating incomplete 
precipitation. We speculate that the more efficient precipitation of the dibutylanilinium salt of the 
porphyrin is due to the contribution of the larger hydrophobic butyl groups, instead of two methyl or 
two ethyl groups. The precipitate, collected by centrifugation, was dissolved in acetone and the water-
soluble sodium salt of the porphyrin was precipitated following addition of NaPF6. This purification 
method not only allows to remove unreacted taurine, but also to purify 102 from any other 
contaminant present in the reaction mixture, either soluble in water or in organic solvents. The 
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purification method also worked flawlessly to purify compounds 57 and 76 from the aqueous mixture. 
No interactions were observed between the salt and the carboxylic acid function. As described, 
though, the purification method presented a non-negligible drawback: it cannot be used to isolate the 
porphyrin from alkaline reaction mixtures, since the hydrochloride salt would be converted to the 
corresponding base, preventing its association with the anionic porphyrin and, therefore, the 
precipitation.  
 
Scheme 26: methyl-dibutylanilinium chloride reaction scheme  
It seemed necessary to further optimise the method to eliminate this shortcoming and expand its 
applicability, so 105 was prepared  by methylation of dibutylaniline (Scheme 26).223,224 Unexpectedly, 
the iodide salt obtained from the methylation reaction was ineffective as precipitating agent. 
Treatment of an aqueous solution of 105 with one equivalent of silver nitrate led to the precipitation 
of silver iodide (removed by precipitation) to obtain 106. This species was as efficient as 103 to induce 
precipitation of porphyrins from aqueous solutions. The two-step process to synthesise 106 is 
undoubtedly less convenient compared to the preparation of 103, but the resulting species can be 
used in aqueous environment at different pH values. In this work compound 103 was most frequently 
used, while compound 106 was employed only when the situation was requiring it. The applicability 
of the method was not limited to the specific case of 102, but it could be extended also to other 
porphyrins bearing sulphonate groups, such as 57 and 76. Future development of this method should 
include its application to a further class of anionic water-soluble porphyrins: those bearing 
phosphonate groups. Based on the observation, there is no reason to anticipate that this method 
would fail for phosphonate-bearing porphyrins: we feel confident in affirming that a new, cheap and 
expeditious purification method, easy to scale up and applicable to different classes of anionic water-
soluble porphyrins has been created. 
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Cationic water-soluble derivative of compound 99 
To obtain the target library of conjugatable water-soluble porphyrins, one more compound was 
required: a water-soluble porphyrin based on the structure of 99 bearing positively charged groups.  
 
Scheme 27: synthesis of 107 
Firstly, nucleophilic substitution of the para-fluorines of 101 was attempted with dimethyl amine.225 
The reaction is reported to occur in DMF, which undergoes degradation at high temperatures to 
produce the dimethyl amine nucleophile in situ. In our hands, the reaction failed to reach completion 
in the conditions described. The desired compound was obtained by treating 101 with a solution of 
dimethylamine in DMF at reflux in a sealed system, to prevent dimethylamine from escaping (Scheme 
27). 1H-NMR spectrum of compound 107 is shown in Figure 49. The sharp singlet at 3.29 ppm with an 
integration value of 18H is generated by the six methyl groups introduced in the molecule ((NCH3)2). 
The other signals are similar to those observed in the spectrum of 99: eight beta hydrogens, four 
hydrogens of the phenyl ring, three hydrogens relative to the methyl group and the internal ones. 19F-
NMR spectroscopy revealed a complete functionalisation, due to disappearance of the peak of the 
para fluorines. 
To make this species water-soluble, methylation of the newly-introduced dimethylamino groups was 
necessary.226 In our hands, the conditions described by Richards et al. did not lead to the formation of 
the desired tricationic derivative, neither when the free porphyrin nor the zinc complex was used as 
the starting material, so the attention was directed to the synthesis of a different species.  
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Figure 49: 1H-NMR spectrum with expansion of 107 in CDCl3 at 298 K and 600 MHz 
Following the successful synthesis of porphyrin 102, the aim was to synthesise a molecule with an 
identical skeleton but bearing trimethylammonium groups (-NMe3+) instead of the sulphonate groups 
(Figure 50). The target species 108 can be achieved either by replacing the para-fluorines with a 
cationic nucleophile, or by using a non-cationic nucleophile and inserting the cationic group at a later 
stage. Both approaches were attempted. 
 
Figure 50: target molecule (108) for cationic water-soluble 99 
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In the first instance, a cationic water-soluble species with an amino group was obtained to carry out 
the nucleophilic displacement, starting from N-Boc-ethylenediamine (109) as shown in Scheme 28.227–
229 
 
Scheme 28: synthesis of water-soluble positively charged moiety 111 
109 was treated with an excess of methyl iodide in methanol in the presence of K2CO3.227,229 Following 
isolation of the cationic species 110, the protecting group was removed in HCl, yielding the target 
compound 111.228 1H-NMR spectra of compounds 110 and 111 are shown in Figure 51 and Figure 52, 
respectively. Compound 110 shows a peak at 3.48 ppm attributable to the three methyl groups 
attached to the amine (N+(CH3)3, Figure 51). Deprotection of 110 led to the disappearance of the peak 
at 1.42 ppm (t-butyl group), while a broad peak at 8.66 ppm appeared (NH3+) indicating the formation 
of the target compound 111. 
 
Figure 51: 1H-NMR spectrum with expansion of 110 in CDCl3 at 298 K and 600 MHz 
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Figure 52: 1H-NMR spectrum with expansion of 111 in DMSO-d6 at 298 K and 600 MHz 
Unfortunately, the nucleophilic aromatic displacement was unsuccessful. This prompted us to explore 
different reaction conditions, varying the base, the solvent, the reaction temperature and the 
nucleophile (Table 15). The substitution between 109 (Table 15) and 101 was attempted. After three 
weeks at reflux in 1,4-dioxane, MS analysis of the reaction mixture showed the presence of a mixture 
of products at different degrees of substitution. Performing the reaction under microwave heating 
(170 °C for 8 hours) did not improve the outcome of the reaction. After that time, traces of unreacted 
porphyrin were still present, meaning an even slower reaction rate compared to the three-carbon 
moiety employed in the literature.230 The reaction between 109 and 79c is reported in the literature,183 
but in our hands similar reaction conditions failed to give complete functionalisation of 99. The 
literature procedure is described on a 5-mg scale: it is possible that the scale-up of the synthesis was 
either not attempted or it is not reported because of the poor performance of the reaction. When the 
reaction was attempted on 100 mg of starting porphyrin 99, incomplete functionalisation and partial 
degradation of the substrate were observed. The displacement of the para fluorines by the cationic 
derivative 111 (Table 15 and Scheme 28) or compound 112 (Table 15) gave equally disappointed 
results. No functionalisation at all was detected and degradation of both the porphyrin and the 
nucleophile were observed. 
NH3+ 
N+(CH3)3 
CH2-N+(CH3)3 NH3+-CH2 
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Side chain Solvent Base T (°C) Zn MW Time (h) Substitution 
111 
 
NMP K2CO3 200 √ √ 1 - 
NMP K2CO3 200 - √ 1 - 
1,4-dioxane K2CO3 100 - - 2 - 
112 
 
NMP K2CO3 200 √ √ 1 - 
NMP K2CO3 200 - √ 1 - 
NMP LiOH 200 √ √ 1 - 
DMF - 170 √ - 24 - 
DMSO LiOH 100 √ - 8 - 
DMSO LiOH 100 √ - 8 - 
109 
 
NMP K2CO3 200 √ √ 2 Incomplete 
NMP K2CO3 200 - √ 2 Incomplete 
1,4-dioxane K2CO3 170 √ √ 8 Incomplete 
1,4-dioxane K2CO3 170 √ - 500 Incomplete 
Table 15: reaction conditions for nucleophilic substitution on 99 or 101 
Aromatic nucleophilic displacement of the para fluorines can be performed with nucleophiles such as 
thiols, amines and alcohols.185 Among these species, thiols display the highest reactivity and can be 
used to functionalise perfluorinated porphyrins in mild reaction conditions. Amines require higher 
temperatures and longer reaction times to achieve a complete substitution. Alcohols are the least 
reactive nucleophiles and strong bases are often needed to deprotonate the hydroxy group and 
enhance the nucleophilicity.231 We decided not to employ thiols because sulphur is known to act as a 
scavengers of reactive oxygen species (ROS),193 which could interfere with the further optical oxygen 
measurements and also result in the cleavage of the relatively weak carbon-sulphur bond.232 Having 
observed the lack of reactivity of amines, the attention was redirected to alcohols.  
An in-depth study of the reactivity of oxygen nucleophiles towards 79c and its Zinc (II) complex under 
different conditions is reported.233 In this work, the reactivity of phenols and alcohols was described 
in the presence of a variety of bases (KOH, NEt3, K2CO3, DBU and KOtBu) and solvents. Various alcohols 
were employed as nucleophiles, ranging from methanol to -cholestanol, and the target tetra-
substituted derivatives were obtained in good yield under mild reaction conditions. The reactions 
were performed at room temperature for 24-48 hours or shorter times at higher temperature. 
Optimum reaction conditions were found to be 24 hours at room temperature in dry THF with KOH as 
92 
 
base. Among the various alcohols, the authors used the Boc-protected ethanolamine 113, under the 
previously described conditions, which afforded the tetra-substituted porphyrin 114 in 88% (Scheme 
29).233  Crucially, when 79c was treated with non-protected ethanolamine, the amine group behaved 
as nucleophile rather than the alcohol.231 The authors also showed that prolonged reaction times led 
to the substitution of the para fluorines with hydroxyl groups, a behaviour that was ascribed to the 
presence of high concentration of a nucleophilic base as KOH. 
 
Scheme 29: nucleophilic substitution on 79c with Boc-ethanolamine 
The reaction using the cationic species 115 as the nucleophile, obtained by treatment of ethanolamine 
with methyl iodide (Scheme 30) was attempted first. The reaction conditions used were the ones 
described by Golf et al., with DMSO as a solvent and LiOH as the base, stirring the mixture under argon 
at room temperature.233 MS analysis showed that the reaction led to fluorine displacement by 
hydroxyl groups, and 19F-NMR confirmed the complete substitution by disappearance of the relevant 
peak. The m/z of 922 detected matches the molecular weight of the trihydroxy-substituted product 
bearing the carboxylic acid, hydrolysed during the reaction. Both the free base and the zinc complex 
of 99 were tested, without success. Furthermore, the reaction conditions caused the hydrolysis of the 
ester to the corresponding carboxylic acid. The synthetic strategy was then reviewed, and the 
approach shown in Scheme 31 was adopted. 
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Scheme 30: attempted synthetic strategy 
The reaction was performed with Boc-protected ethanolamine 113, obtained by protection of 
ethanolamine with tert-butyldicarbonate, in dry DMSO with LiOH in equimolar ratio to 113 and in a 
large excess to the porphyrin to favour complete substitution. These conditions gave the desired 
trisubstituted product 116 in 73% yield up to multigram-scale. A further advantage of using 113 is that 
the reaction product can be purified by column chromatography. The reaction temperature appeared 
to be a crucial parameter for the success of the reaction. Performing the reaction at room temperature 
gave the desired product in good yield, but incomplete substitution was observed at temperatures 
below 33 °C even after two weeks. Maintaining the reaction mixture at 33-35 °C yielded 116 overnight, 
but temperatures equal or above 40 °C led to fluorine substitution with hydroxide ions within 5 
minutes. 
 
Scheme 31: successful synthetic strategy  
As mentioned above, the reaction conditions caused the hydrolysis of the methyl ester yielding the 
tri-substituted carboxylic acid 116: this proved helpful in the purification process, as the polarity of 
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the carboxylic acid decreased the retardation factor of the product, allowing for an easier purification 
by column chromatography on silica gel.  
1H-NMR spectrum of compound 116 is shown in Figure 53. Characteristic peaks corresponding to the 
ones of 99 are evident. The beta hydrogens appear at 8.93 ppm (H), the aryl hydrogens resonate as 
two doublets between 8.36 and 8.59 ppm (Ho and Hm), and the internal hydrogens are detected at 
high fields (NHint). New peaks emerge between 1.0 and 6.0 ppm. The signals at 3.77 ppm and 4.67 ppm 
correspond to the CH2 groups of the ethanolamine moieties, while the signal at 5.25 ppm can be 
assigned to the protected amine hydrogens (NHm). The very sharp signal in the aliphatic region is 
produced by nine methyl groups (27H in total) present in the Boc moieties. All the peaks are 
summarized in Table 16. 
 
Figure 53: 1H-NMR spectrum of 116 in CDCl3 at 298 K and 600 MHz 
19F-NMR analysis of 116 is shown in Figure 54. The disappearance of the para fluorine signal at –151.5 
ppm (see Figure 39) highlights a complete functionalisation of the molecule. The two doublets at ca. 
–138.4 ppm are assigned to the ortho fluorines on the three non-equivalent aromatic rings. The signal 
with an integration value of 4F is attributed to the ortho fluorines on the aryls opposite to each other 
on the porphyrin, while the doublet with integral value of 2F corresponds to the ortho fluorines on 
NHint 
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Hm 
NHm 
H2 H1 
Ho 
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the aryl ring opposite to the carboxy-substituted aryl ring. The signal at –157.2 ppm belongs to the 
meta fluorines. 
Multiplicity 
δ 
(ppm) 
Integration 
value 
Assignment 
 
 
br m 8.93 8 H 
br m 8.59 2 Ho 
d 8.36 2 Hm 
s 5.25 3 NHm 
t into br s 4.67 6 H2 
t into br s 3.77 6 H1 
s 1.54 27 Boc 
s –3.03 2 NHint 
Table 16: hydrogen signals assignment and structure of 116 
 
Figure 54: 19F{1H}-NMR spectrum of 116 in CDCl3 at 298 K and 565 MHz 
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The 1J DEPT-edited 1H,13C-HSQC shown in Figure 55 allows attribution of several signals of 
carbon/hydrogen pairs. For instance, the methyl carbon in the Boc groups resonates at 28.6 ppm, 
while the carbon signals of the ethanolamine moieties appear at 74.8 and 41.0 ppm. The hydrogens 
in ortho and meta positions to the carboxylic group, with 8.59 and 8.36 1H chemical shifts, respectively, 
correlate with the carbon signals at 128.8 ppm and 134.8 ppm, respectively. All the hydrogen-carbon 
assignments are summarized in Table 17.  
13C δ  
(ppm) 
Assignment 
1H δ  
(ppm) 
Assignment 
 
134.8 Cm 8.36 Hm 
128.8 Co 8.59 Ho 
74.8 C2 4.67 H2 
41.0 C1 3.77 H1 
28.6 Boc 1.54 Boc 
Table 17: hydrogen-carbon signals assignment and structure of 116 
 
 
Figure 55: DEPT-edited (135°) 1H,13C-HSQC spectrum of 116, blue dots CH/CH3 up, orange dots CH2 down, in CDCl3 at 298 K 
and 600MHz and 150 MHz 
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Figure 56: 1H,13C-HMBC spectrum of 116 in CDCl3 at 298 K and 600MHz and 150 MHz 
Figure 56 displays the 1H,13C-HMBC correlation spectrum. The dots indicated with an orange X are the 
cross correlations between H1 with C2 and H2 with C1. The dots highlighted by the red circle represent 
the correlation between the hydrogens at 3.77 ppm with a weak carbon signal at 156.2 ppm. This 
quaternary carbon presents a chemical shift typical of the carbonyl carbon in Boc protecting groups. 
The correlation is important because it allows to distinguish H1 and H2, as summarized in Table 17. On 
the other hand, the correlation highlighted by the green circle in Figure 56 is between H2, the CH2 
group of the moiety closest to the porphyrin, and the quaternary carbon directly attached to the 
oxygen, at 137.7 ppm. 
The next step in the synthesis entailed the deprotection of the amino group (Scheme 32). The desired 
product 118 is not suitable to purification by chromatography on silica gel, therefore, it was important 
to rely on a deprotection reactions that would proceed to completion and afford the target species in 
sufficient degree of purity. A considerable advantage of Boc removal is that it leads to the formation 
of volatile side products (CO2 and isobutene) which are easily removed during the isolation of the 
deprotected species. Thus, treatment of a solution of 116 in chloroform with an excess of TFA for 1 
hour at room temperature and subsequent evaporation of the solvent under reduced pressure 
afforded 118 as the trifluoroacetate salt in quantitative yield.  
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1H- and 19F-NMR spectra shown in Figure 57 and Figure 58, respectively, confirmed a high purity of the 
product, which was used in the following step without further manipulation. The yield of the reaction 
was quantitative. 
 
 
Scheme 32: Boc deprotection of 116 
Four hydrogens on the carboxyphenyl ring appear now as a sharp singlet at 8.43 ppm (HAr) and the 
new peak at 8.34 ppm is assigned to nine terminal ammonium hydrogens (NH3+). The disappearance 
of the peak related to the tert-butyl methyl groups in the aliphatic region further confirm successful 
deprotection. A very broad peak appears at a lower field at ca. 13.5 ppm, which is assigned to the 
carboxylic group, visible due to absence of exchange with DMSO-d6. In the 19F-NMR spectrum the 
ortho and meta fluorine of the porphyrin appear at –140.8 ppm and –156.8 ppm, respectively, and 
the peak at –74.5 ppm is attributed to the trifluoroacetate groups. Table 18 shows the assignment of 
the hydrogen signals.  
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Figure 57: 1H-NMR spectrum of 118 in DMSO-d6 at 298 K and 600 MHz 
 
Figure 58:  19F{1H}-NMR spectrum of 118 in DMSO-d6 at 298 K and 565 MHz 
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Multiplicity δ (ppm) 
Integration 
value 
Assignment 
 
br s 13.51 1 COOH 
m 9.25-9.34 6 H 
m 9.00 2 H 
2d into s 8.43 4 HAr 
s 8.34 9 NH3+ 
t into m 4.81 6 H2 
t into m 3.50 6 H1 
s –3.07 2 NHint 
Table 18: hydrogen signals assignment and structure of 118 
DEPT-edited 1H,13C-HSQC, shown in Figure 59, allows to assign carbons/hydrogen pairs (Table 19). It is 
worth noting that one of the carbon signal of the ethanolamine moieties (C1) is absent in the spectrum: 
the hydrogen-carbon correlation (red circle, Figure 59) allows assignment of the signal under the 
residual solvent peak, at ca. 39.5 ppm. Although the hydrogens on the carboxyphenyl ring appear as 
a singlet, two different carbons signals, at 134.6 ppm and 128.0 ppm, correlate with them. These peaks 
can be assigned to meta and ortho carbons, respectively, as in the case of compound 116 (see Figure 
55 and Table 17).  
1H,13C-HMBC is shown in Figure 60. The signal generated by the four phenyl hydrogens shows 
correlations with multiple carbons in the aromatic region. The CH2 signal at 4.67 ppm shows a 
correlation to a carbon (137.7 ppm) in the aromatic region (green circle, Figure 60), indicating that the 
signal is generated by the CH2 group adjacent to the oxygen, as in the case of the previous compound 
(green circle, Figure 56). The dots indicated with an orange X are the cross correlations between H1 
with C2 and H2 with C1.  
13C δ  
(ppm) 
Assignment 
1H δ  
(ppm) 
Assignment 
 
167.4 COOH 13.51 COOH 
134.6 Cm 8.43 HAr 
128.0 Co 8.43 HAr 
74.8 C2 4.67 H2 
39.5 C1 3.77 H1 
Table 19: hydrogen-carbon signals assignment and structure of 118 
101 
 
 
Figure 59: DEPT-edited (135°) 1H,13C-HSQC spectrum of 118, red dots CH/CH3 down, blue dots CH2 up in DMSO-d6 at 298 K 
and 600 MHz and 150 Mhz 
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Figure 60: 1H,13C-HMBC spectrum of 118 in DMSO-d6 at 298 K and 600 MHz and 150 MHz 
It is worth to pointing out that 118 displays water-solubility in acidic and neutral solutions, where the 
amine groups are protonated. Mildly basic environments, though, reveal the free amines causing a 
loss of the water-solubility. We reasoned that methylation of the amines to obtain the corresponding 
trimethylammonium derivatives would allow the use of 118 in aqueous solution irrespectively of the 
environment pH.  
Target species 119 was obtained by treatment of 118 with methyl iodide in NMP (Scheme 33). 
Interestingly, porphyrin 118 appears as a green solid after solvent removal, the typical colour of 
porphyrins dissolved in acidic media where protonation of one or more internal nitrogens occurs.234,235 
Once dissolved in NMP, the colour of the solution immediately changed to vivid red, indicating a 
removal of the extra protons from the porphyrin core.  
 
Scheme 33: methylation of 118 
The substrate 118 was dissolved in NMP and K2CO3 was added to neutralise the protons liberated 
during the methylation steps. The mixture was stirred for 15 minutes under an argon flow, then a large 
excess of methyl iodide was added, and the reaction was left overnight at 40 °C. On a small scale, the 
reaction yielded the expected compound 119, but when scaled up to 100 mg a mixture of products 
was detected. Mass spectrometry showed the presence of different products derived from the 
substitution of para-fluorine by hydroxyl groups. 19F-NMR highlighted the presence of impurities, as 
the signal generated by the meta fluorines (–156.6 ppm) no longer appears as a singlet (Figure 61): 
partial substitution with hydroxyl groups caused a differentiation of the meta fluorine atoms. As 
mentioned earlier, column chromatography on silica was not a viable purification method due to high 
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polarity of the compounds formed. We reasoned that the formation of the undesired hydroxy-
substituted products was likely to be promoted by the fast addition of MeI, causing a localized 
increasing of temperature and favouring the hydroxyl insertion.  
 
Figure 61: 19F{1H}-NMR spectrum of hydroxyl-substituted mix of 119 in DMSO-d6 at 298 K and 565 MHz 
The quaternization of the terminal amines was successful when the reaction was carried out in an ice 
bath. It was also found that dropwise addition of methyl iodide as a solution in NMP was advantageous 
for the outcome of the reaction. This optimised method is applicable on a half-gram scale. Isolation of 
the reaction product was achieved by pouring the reaction mixture in brine, which promoted the 
precipitation of the porphyrin. 
The iodide salt was insoluble in water but very soluble in acetone, which allowed us to obtain the 
porphyrin as the chloride salt by addition of TBAC. After centrifugation and supernatant removal, the 
compound was obtained pure following the ion exchange purification method developed for the 
cationic water-soluble porphyrin. The reaction yield was 96 %. 
Inspection of the 1H-NMR spectrum confirmed the expected structure of the molecule, as can be seen 
from Figure 62. The eight beta hydrogens and the four aryl hydrogens appear at low field in the 
aromatic region, and the internal hydrogens at higher field with the characteristic negative chemical 
shifts (NHint). The CH2 groups appear as two broad singlets at 5.19 ppm and 4.16 ppm. Two peaks 
Fo 
Fm 
Fo 
Fm 
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resulted from the methylation: a methoxy group and the methyl groups on the terminal amines. The 
peak at 4.05 ppm with integration value of 3H corresponds to the methoxy group (OCH3), while the 
strong singlet at 3.43 ppm is attributed to the methyl groups, with integral value of 27H (N+CH3). Table 
20 summarises all the hydrogen assignments for compound 119.  
 
Figure 62: 1H-NMR spectrum of 119 in DMSO-d6 at 298 K and 600 MHz 
Multiplicity δ (ppm) 
Integration 
value 
Assignment 
 
m 9.29-9.39 6 H 
m 8.97 2 H 
2d into s 8.44 4 HAr 
t into s 5.19 6 H2 
t into s 4.16 6 H1 
s 4.05 3 OCH3 
s 3.43 27 N+CH3 
s –3.08 2 NHint 
Table 20: hydrogen signals assignment and structure of 119 
H2 H1 
H 
HAr 
OCH3 
NHint 
N+(CH3)3 
105 
 
19F-NMR spectrum, shown in Figure 63, displays only two signals relative to ortho and meta fluorines, 
respectively, meaning no hydroxyl groups is inserted in the molecule. 
 
Figure 63: 19F{1H}-NMR spectrum of 119 in DMSO-d6 at 298 K and 565 Mhz 
The drawback of this reaction is that methylation also occurs on the carboxyl group, re-installing the 
ester functionality: this compels us to carry out an extra step to obtain the target molecule. To avoid 
the accidental substitution of the chain on the aromatic ring by hydroxyl groups, the hydrolysis of the 
methyl ester was carried out in concentrated aqueous HCl. The reaction mixture was maintained at 
60 °C overnight, until mass spectroscopy revealed completed consumption of the starting material. 
The solvent was evaporated under reduced pressure, and the compound was purified by ion 
exchange. The yield of the reaction was 98 %. (Scheme 34). 
 
Scheme 34: hydrolysis of 119 
Fo 
Fm 
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Despite several failed attempts to functionalise compound 99 with different nucleophiles, including 
water-soluble species 111 and 115, it was finally devised a successful synthetic strategy to obtain a 
cationic water-soluble porphyrin. Initial findings showed that amines are poor nucleophiles in the 
system under study, as they required long reaction times and high temperatures to afford incomplete 
conversion. Although they are described as weaker nucleophiles, in our hands alcohols showed a more 
favourable behaviour and higher reactivity compared to amines. 
Despite the higher number of steps required to obtain 117 compared to the anionic derivative 102, 
the optimised synthetic approach based on Boc-protected ethanolamine 113 affords the desired final 
product in excellent overall yield (> 70%). The method uses reaction conditions compatible with the 
functional groups on the molecule and is applicable to gram-scale without any significant loss of yield. 
The purification method based on the ion exchange method for cationic water-soluble porphyrin 
worked flawless on all the various intermediates of the synthesis. 
1H-NMR spectrum of the target molecule 117 is shown in Figure 64. A broad peak is visible at 13.35 
ppm and it is generated by the carboxylic hydrogen (shown as the expansion on the left of Figure 64). 
As expected, the signal of the methoxy group disappears from the spectrum indicating successful ester 
hydrolysis. Table 21 summarises the assignment of the various hydrogens.  
 
Figure 64: 1H-NMR spectrum with expansion of 117 in DMSO-d6 at 298 K and 600 MHz 
H2 H1 
H 
HAr 
NHint 
COOH 
N+(CH3)3 
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Multiplicity δ (ppm) 
Integration 
value 
Assignment 
 
br s 13.53 1 COOH 
m 9.26-9.37 6 H 
m 8.99 2 H 
2d into s 8.43 4 HAr 
t into s 5.17 6 H2 
t into s 4.13 6 H1 
d 3.42 27 N+(CH3)3 
s –3.07 2 NHint 
Table 21: hydrogen signals assignment and structure of 117 
Figure 65 shows the 19F-NMR spectrum for compound 117, with expansions for clarity. No hydroxyl 
substitution was detected from the analysis, as confirmed by the presence of just one peak related to 
meta fluorine. 
 
Figure 65: 19F{1H}-NMR spectrum with expansions of 117 in DMSO-d6 at 298 K and 565 MHz 
Fo Fm 
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Carbon-hydrogen correlations, shown in Figure 66 and Figure 67, allowed partial assignment of 
carbons to the relative hydrogens, as shown in the Table 22. The two peaks generated by H1 and H2 
can be distinguished thanks to the 1H,13C-HMBC in Figure 67. The correlation between the methyl 
groups and H1 (red circle, Figure 67) indicates that the signal at 4.13 ppm is due to H1. On the other 
hand, the signal at 5.17 ppm (H2) presents a correlation with a quaternary carbon attached to the 
oxygen (green circle, Figure 67), as it was already seen for the previous intermediates 116 and 118. 
The dots indicated with an orange X are the cross correlations between H1 with C2 and H2 with C1.  
 
13C δ  
(ppm) 
Assignment 
1H δ  
(ppm) 
Assignment 
 
167.4 COOH 13.4 COOH 
134.6 Cm 8.43 HAr 
128.0 Co 8.43 HAr 
68.6 C2 5.17 H2 
64.8 C1 4.13 H1 
53.2 Me 3.42 CH3 
Table 22: hydrogen-carbon signals assignment and structure of compound 117 
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Figure 66: DEPT-edited(135°)1H,13C-HSQC spectrum of 117, blue dots CH2 up, orange dots CH/CH3 down in DMSO-d6 at 298K 
 
Figure 67: 1H,13C-HMBC spectrum of 117 in DMSO-d6 at 298 K and 600MHz and 150 MHz 
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3.3 Metal insertion of A3B porphyrins  
The final step for the synthesis of the target oxygen-sensing species was the metal insertion. As stated 
before, the two metals that impart the most favourable oxygen-sensing properties to porphyrins are 
platinum and palladium.146 These two metals are known to display an oxygen response, measured by 
the decrease of the luminescence intensity,236–239 however platinum results more employed to build 
optical oxygen sensors,129,240–243 due to its more favourable photophysical properties. 
Microwave-assisted metal insertion 
Microwave (MW) heating has been extensively used in organic chemistry in the last decades244–247 and 
it has been applied to porphyrin synthesis with reasonable success.248–251 MW heating allows to 
perform reactions at temperatures higher than the boiling point of the solvent used and to 
considerably reduce reaction times. According to the Arrhenius rule, the reaction time is halved for 
every 10 °C of temperature increase: this means that a reaction left 12 hours refluxing overnight in 
chloroform (bp 61 °C) can performed in a microwave tube in slightly over 10 minutes at 120 °C. In 
addition, less degradation of starting materials is detected employing MW irradiation, which has been 
ascribed to the fact that prolonged heating is more likely to cause the degradation of the compounds, 
compared to shorter reaction times at a higher temperature.247 The choice of solvent employed for a 
reaction under microwave heating is pivotal for the success of the reaction. Polar solvents are the 
optimal choice, as they are easily heated under MW irradiation. Water, NMP, DMF, acetonitrile, 
acetone, ethanol and methanol are the most employed, while non-polar solvents such as hexane, 
chloroform, DCM and toluene are “transparent” to MW heating and unsuitable unless mixed with a 
polar co-solvent or employed with “heating stones”, which dissipate the heat to the nearby solvent 
molecules. Solvents such as DMSO and DMF are not suitable for a high-temperatures pressurized 
reaction, because they undergo decomposition at high temperatures. DMSO, for example, 
decomposes above 200 °C producing volatile species, which cause a rapid pressure build-up in the 
sealed tube, with consequent explosion hazard. A drawback associated to the use of laboratory-scale 
microwave reactors arises from the fact that reactions must be performed in 10 mL or 30 mL tubes. 
These tubes can be filled only to half of their capacity to avoid over-pressurization, which indirectly 
limits the scalability of the reaction. Larger reaction vessels are available, but they are inherently more 
dangerous to use, as they need to tolerate higher pressures. The scale limitation can be circumvented 
by repeating smaller-scale reactions, especially if the reactor is connected to an auto-sampler.  
Several papers report the MW-assisted porphyrin complexation, with reaction conditions that vary, 
depending on the metal and on the porphyrin. Both porphyrins soluble in organic solvents150,249,252,253 
and water-soluble146 have been successfully metallated with different metals under MW irradiation. 
111 
 
The first example of MW-assisted metallation of porphyrin was published in 2007.249 The authors 
employed a domestic microwave oven placing the vessel in the centre of the rotating plate after 
sealing it with cotton wool. The metal insertions were performed on tetraphenylporphyrin 79a and 
two derivates (para-chlorine and meta-methoxy) employing DMF as solvent and the acetate salt of 
the relative metal, on a 100-mg scale. Five different metals were chosen: zinc (II), copper (II), nickel 
(II), cobalt (II) and manganese (III).249 The yields resulted to be very high (from 73% to 95%) after only 
three minutes of heating at 480 W. The products were collected by filtration from the crude mixtures 
cooled at room temperature.249 Despite the poor reproducibility due to the use of a domestic MW 
oven, the method proved very useful to obtain porphyrin complexes, markedly shortening the 
reaction times and increasing the yields compared to conventional heating. In another work, metal 
insertion was performed in a purpose-built microwave reactor (CEM Discover®) employing a sealed 
vessel.150 Nickel (II), palladium (II) and platinum (II) were successfully inserted in tetraphenyl-
porphyrin, -porpholactone, and -2,3-dihydroxychlorin derivatives.150 The reactions were performed on 
a 10-20 mg scale employing a 10 mL microwave vessel filled with 3 mL of solvent. For the insertion of 
nickel and palladium, pyridine was employed as solvent; heating to 180 °C for 15 minutes gave 
quantitative yields of the desired complexes. Benzonitrile was employed as solvent for platinum 
insertion, allowing to reach higher temperatures (250 °C)150. At that temperature, pyridine caused 
pressure to exceed the limit tolerated by the instrument (300 psi). In the case of platinum and 
palladium the acetoacetate salt was employed as metal source, while in the case of nickel the acetate 
salt. In a more recent approach metal insertion was performed using ionic liquid 1-butyl-3-
methylimidazolium bromide as the solvent.253 Platinum (II) and palladium (II) complexes were 
successfully synthesised on compounds 51 and 79a and their octa-brominated derivates. The reaction 
times for 51 and 79a ranged between 15 and 30 minutes, respectively, yielding quantitative metal 
complexes. On the other hand, the beta-substituted compounds required 6 minutes of irradiation to 
afford the complex in slightly lower yields.253 In all the examples mentioned, a three-fold molar excess 
of metal source was required to drive the reaction to completion. 
In the case of water-soluble porphyrins, especially the anionic derivatives, MW irradiation is 
fundamental for the insertion of platinum (II), because it allows to reach 200 °C while still using 
aqueous solutions.146 Due to the porphyrin solubility profile, water is the only solvent employable for 
the metal insertion: while palladium insertion can occur at lower temperatures, complexation with 
platinum requires temperatures higher than the boiling point of water. Microwave technology allows 
to combine the use of water with the high temperatures required for the reaction, resulting in a 
successful insertion in quantitative yields.146 
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Palladium (II) insertion 
Palladium (II) can be inserted in porphyrins under milder conditions compared to platinum. For non-
water-soluble substrates, the reaction proceeds in organic solvents such as chloroform, with the 
palladium salt dissolved in methanol added to the solution. Overnight reflux lead to complete metal 
insertion. The most common sources of palladium (II) for these reactions are Pd(OAc)2 and PdCl2.232  
Palladium (II) was successfully inserted in cationic porphyrins 73 and 117 with no need for MW heating 
(Scheme 35). 
 
Scheme 35: palladium (II) insertion of 73 and 117 
Compound 73 was dissolved in NMP and the palladium (II) salt (either chloride or acetate) was added 
as a methanolic solution. The reaction mixture was flushed with argon and allowed to proceed at 50 
°C for 1 hour. Filtration through celite and addition of diethyl ether to the filtrate led to the 
precipitation of the desired complex 75. The product was purified by ion-exchange method. The yield 
of the reaction was 78 %. Notably, a black layer of metallic palladium is deposited over the walls of 
the flask during the reaction. 
The disappearance of the internal hydrogen peak with negative chemical shift on the 1H-NMR 
spectrum of compound 73 (Figure 68) highlights complete metal insertion. The signals on the 
spectrum appear broader compared to the ones in the free base spectrum, indicating decreased 
solubility in DMSO-d6 for the palladium (II) complex and a stronger tendency to aggregation. The 
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assignment of the signals can be found in Table 23, and it is in agreement with the previously reported 
data.146 
 
Figure 68: 1H-NMR spectrum of 75 in DMSO-d6 at 298 K and 600 MHz 
Multiplicity 
δ 
(ppm) 
Integration 
value 
Assignment 
 
d into br s 9.51 6 HPy-m 
m into br s 9.09 6 H 
d into br s 8.99 8 HPy-o 
d into br s 8.31 2 HAr-o 
d into br s 8.12 2 HAr-m 
br s 4.72 9 N+CH3 
Table 23: hydrogen signals assignment and structure of 75 
Complexation of compound 117 required harsher reaction conditions. When the reaction was 
performed in NMP incomplete metal insertion was obtained, probably due to poor solubility and/or 
aggregation of the substrate. Water better solubilized both the compound and the metal source, 
N+CH3  
HAr-o HAr-m 
HPy-o 
H + HPy-m 
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facilitating the insertion, but the best results were obtained using porphyrin concentrations lower 
than 8x10-4 M: this instance prevented to perform the reaction under of MW irradiation in a 
satisfactory scale, due to the small volume of solution contained in microwave vessels. Any attempt 
to dissolve more than 10 mg of porphyrin in a MW tube, either in water or in NMP, resulted in the 
aggregation of the macrocycle, further exacerbated by the addition of the metal salt. Complexation of 
117 had to be performed in a round-bottomed flask under conventional heating. A very large excess 
of metal source (up to 10 equivalents) was required to drive the reaction to completion; the reaction 
was allowed to proceed until no starting porphyrin was detected by mass spectrometry. After 
evaporation of the solvent, the crude was dissolved in methanol, filtered through celite to eliminate 
metallic palladium, the solvent was evaporated and the compound re-dissolved in water. The metal 
complex was then purified employing the ion-exchange method for cationic water-soluble porphyrins. 
The yield of the reaction was excellent (82 %). 
1H-NMR and 19F-NMR spectra of palladium (II) complex 120 are shown in Figure 69 and Figure 70, 
respectively. The peaks appear sharper compared to the spectrum of the free base (Figure 64), 
probably due to better solubility in DMSO-d6. A full assignment of the signal is reported in Table 24. 
The broad peak at lower field (see expansion on Figure 69) corresponds to the carboxylic acid. The 
beta hydrogens appear as three peaks with integration values of 4H, 2H and 2H, respectively. The first 
peak on the left (H3) is attributed to the four hydrogens far from the carboxylic acid functionality; the 
most shielded peak at 8.95 ppm is due to the two beta hydrogens closest to the carboxylic group (H1), 
and the central doublet (H2) can be then assigned to the two hydrogens ortho to the previous ones. 
The two signals generated by the hydrogens ortho and meta to the carboxylic group appear as two 
doublets. In the aliphatic region the signals relative to the nine methyl groups and to the two different 
CH2 groups of the moieties are visible.  
Figure 70 shows the signals of the ortho and meta fluorines: the presence of a single signal relative to 
the meta fluorine confirms that no hydroxyl group insertion took place.  
Figure 71 shows the DEPT-edited 1H,13C-HSQC spectrum. Several carbon/hydrogen pairs can be 
assigned, as summarized in Table 25. Due to the high resolution of the hydrogen spectrum, the beta 
hydrogens can be assigned to the relative carbon signals. The expansion refers to the area delimited 
by the green rectangle of Figure 71. 
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Multiplicit
y 
δ 
(ppm
) 
J (Hz) 
Integratio
n 
value 
Assignmen
t 
 
br s 13.68 - 1 COOH 
dd 9.33 
4.2/9.
6 
4 H 
d 9.21 4.8 2 H 
d 8.95 4.8 2 H 
d 8.40 7.8 2 Ho 
d 8.34 7.8 2 Hm 
t into br s 5.16 - 6 H2 
t into br s 4.12 - 6 H1 
s 3.40 - 27 N+(CH3)3 
Table 24: hydrogen signals assignment and structure of 120 
 
Figure 69: 1H-NMR spectrum with expansions of 120 in DMSO-d6 at 298 K and 600 MHz 
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Figure 70: 19F{1H}-NMR spectrum of 120 in DMSO-d6 at 298 K and 565 MHz 
 
Figure 71: DEPT-edited (135°) 1H,13C-HSQC spectrum of 120 with expansion, orange dots CH/CH3 down, blue dots CH2 up, in 
DMSO-d6 at 298 K and 600Mhz and 150 MHz 
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H3 Ho  
Co 
H2 H1 
Hm 
H3 
Ho  H2 H1 Hm 
Cm 
Co 
Fm Fo 
N+(CH3)3 
N+(CH3)3 
117 
 
1H,13C-HMBC spectrum, shown in Figure 72, confirms the assignments hydrogen-carbon detected and 
allows the discrimination of the two CH2 groups. The carbon signal of the nine methyl groups shows a 
correlation peak with one of the hydrogen signals of the chain (green circle, Figure 72): this signal is 
due to H1, which is closest to the methyl groups. The dots indicated with an orange X are the cross 
correlations between H1 with C2 and H2 with C1. The correlation indicated with a red circle is 
presumably between H2 and the quaternary carbons attached to the oxygens, as already seen for the 
previous derivatives. 
13C δ  
(ppm) 
Assignment 
1H δ 
(ppm) 
Assignment 
 
132.0/132.3 C3 9.33 H3 
131.1 C2 9.21 H2 
133.0 C1 8.95 H1 
127.9 Co 8.40 Ho 
134.0 Cm 8.34 Hm 
68.6 C2 5.16 H2 
64.8 C1 4.12 H1 
53.2 Me 3.40 N+(CH3)3 
Table 25: hydrogen-carbon signals assignment and structure of 120 
 
Figure 72: 1H,13C-HMBC spectrum expanded in the interested region of 120 in DMSO-d6 at 298 K and 600Mhz and 150 MHz 
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Anionic water-soluble porphyrins required harsher reaction condition for palladium (II) insertion. In 
this case MW irradiation was necessary to achieve complete metal insertion on both 76 and 102 
(Scheme 36). The metal insertion did occur under standard heating (reflux), but it did not reach 
completion, yielding an inseparable mixture of free porphyrin and palladium (II) complex.  
 
Scheme 36: palladium (II) insertion for 76 and 102 
Table 26 shows the reaction conditions and the yields for both the anionic substrates. NMP could not 
be used in this transformation due to the low solubility and strong aggregation of the substrates in 
this solvent, but the reaction successfully took place in water. A methanolic solution of the palladium 
(II) salt was added to the porphyrin dissolved in water. The reaction mixture was flushed with argon 
for 10 minutes and it was heated in a microwave tube to the temperature specified in Table 26. It is 
worth noting that much lower yield was detected for porphyrin 121 when the reaction was performed 
at 150 °C, due to the degradation of the substrate. Carrying out the reaction at 110 °C, on the other 
hand, resulted in complete metal insertion and isolation of the complex in excellent yield. 
Complexation of 78 required higher temperature to reach completion. The yields of complexes 121 
and 78 were comparable.  
Porphyrin Yield (%) Time (min) T (°C) 
121 84 15 110 
78 80 10 150 
Table 26: palladium (II) insertion conditions, yield and MW settings for 78 and 121 
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Isolation of the desired products was carried out in the same way as outlined above for cationic 
derivates and purified using the ion-exchange method for anionic porphyrins.  
1H-NMR spectrum of compound 78 is showed in Figure 73. Complete metal insertion is confirmed by 
the disappearance of the internal hydrogens peaks. The very broad signal at down fields is assigned to 
the carboxylic group, while the multiplet in the aromatic region, at 8.43 ppm, is assigned to the eight 
beta hydrogens. The hydrogens in ortho and meta to the carboxylic group appear as a doublet of 
doublets, due to “roof effect” typical of second-order interactions.254 These signals are two distinct 
doublets, of which the one at lowest field is attributed to the hydrogens in ortho position to the COOH 
group. The hydrogens ortho and meta to the sulphonate group, in the three phenyl rings, appear as 
two doublets at 8.15 and 8.03 ppm, respectively, also displaying second order interactions. All the 
assignments are summarized in Table 27 and they agree with the previously reported data.146 
Multiplicity 
δ 
(ppm) 
J (Hz) 
Integration 
value 
Assignment 
 
br s 13.29 - 1 COOH 
m 8.83 - 8 H 
d 8.38 8.2 2 Ho 
d 8.33 8.2 2 Hm 
d into br s 8.15 8.1 6 H1 
d into br s 8.03 8.1 6 H2 
Table 27: hydrogen signals assignment and structure of 78 
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Figure 73: 1H-NMR spectrum with expansion of 78 in DMSO-d6 at 298 K and 600 MHz 
Figure 74 shows the 1H-NMR spectrum of 121, once again the lack of peak at negative chemical shift 
confirms complete metal insertion. The broad peak at lower field, which did not appear in spectrum 
of 102 (Figure 43), is assigned to the carboxylic acid. In the aromatic region, the eight beta hydrogens 
and the four hydrogens on the carboxyphenyl ring can be seen at 9.22 and 8.39 ppm, respectively. The 
amine hydrogens attached to the aromatic rings appear as a singlet at 6.68 ppm, while the CH2 groups 
appear as two singlets at 3.93 ppm and 2.98 ppm, as summarized in Table 28.  
A broad peak at 3.35 ppm is evident in the aliphatic region in Figure 74: this peak is a result of the 
overlap between the signals produced by traces of water with traces of diethyl ether. Despite the 
meticulous drying process, which consisted in maintaining the compound in vacuum at 60 °C for 
prolonged times, traces of diethyl ether employed for the crystallisation step were always detected in 
the spectra. Figure 75 shows the long-range hydrogen-carbon correlation for the compound. No 
additional structural information compared to the free base compound can be deducted from the 
analysis. 
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Figure 74: 1H-NMR spectrum of 121 in DMSO-d6 at 298 K and 600 Mhz 
Multiplicity δ (ppm) 
Integration 
value 
Assignment 
 
br s 12.64 1 COOH 
m 9.18-9.22 6 H 
m 8.87 2 H 
2d into s 8.38 4 HAr 
s 6.68 3 NHm 
t into s 3.93 6 H2 
t into s 2.98 6 H1 
Table 28: hydrogen signals assignment and structure of 121 
H  
HAr 
NHm 
H2 
H1 
COOH 
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Figure 75: 1H,13C-HMBC expanded interested region for 121 in DMSO-d6 at 298 K and 600Mhz and 150 MHz 
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Platinum (II) insertion 
Due to its larger size, platinum (II) insertion in porphyrin macrocycles is considerably more challenging 
than palladium. High temperatures and very prolonged reaction times are usually required for 
complexation, and a typical procedure consists of refluxing the free base in benzonitrile with PtCl2 for 
several hours.255 A more recent approach described the use of lower-boiling chlorobenzene instead of 
benzonitrile, in the presence of a base such as sodium acetate to neutralise the HCl generated during 
the reaction.256 This procedure afforded the desired complexes in quantitative yields and faster 
reaction compared to PtCl2/benzonitrile method. These synthetic procedures are suitable for 
porphyrins soluble in organic solvents, with or without the help of microwave irradiation.  
Water-soluble porphyrins are usually not soluble in benzonitrile or chlorobenzene, hence a different 
procedure is necessary. Pasternack et al. showed that reactions carried out in water with platinum (II) 
chloride or K2PtCl4  as metal sources were unsuccessful,214 but when complex [Pt(H2O)2(DMSO)2]2+ 125 
(Scheme 37) was used, complexation of 51 occurred. 125 is not a stable species and it needs to be 
generated in situ:257,258 first PtCl2 (122) is dissolved in benzonitrile and stirred at 100 °C for 4 hours to 
generate the tetracoordinated PtCl2(PhCN)2 123 (Scheme 37), which is precipitated with hexane and 
collected by filtration. Compound 123 is air- and moisture-stable and has a long shelf life. To form 125, 
complex 123 is stirred in DMSO until completely dissolved: in this step, two DMSO molecules replace 
the benzonitrile ligands to give 124. PtCl2(DMSO)2 is finally converted in the corresponding diaqua-ion 
by treatment with an equimolar amount of silver nitrate as an aqueous solution. The addition of silver 
nitrate leads to the precipitation of silver chloride, which is filtered off to give the aqueous solution of 
125 employed in the complexation reaction.  
 
Scheme 37: synthetic procedure of 125 
It is worth noting that the solution containing the active source of platinum (II) can contain DMSO 
from the synthesis of 124. If the metal insertion is achieved employing MW irradiation, care must be 
taken to reduce the DMSO to a minimum, in order to reduce the risk of explosion. Due to limited 
volume of the MW tubes, the volume of the solution must also be contained. Lastly, the amount of 
silver nitrate must be carefully controlled, because any remaining silver ions will lead to the formation 
of the silver complex of the porphyrins and prevent platinum insertion. Refluxing 125 with the free 
porphyrin in water for 15 hours led to complete insertion.214 A more recent approach described a 
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modification of this procedure involving MW irradiation to obtain platinum in water-soluble 
porphyrins,146 which markedly decrease the reaction rate. 
This procedure was applied to obtain platinum (II) complexes of cationic water-soluble porphyrins. 
Overnight reflux of porphyrin 73 with complex 125 in water (Scheme 38) led to the formation of the 
target species 74. We found that the addition of a small amount of ethanol to the reaction mixture 
resulted in a smoother boiling. Isolation of 74 was performed in the same way as described for the 
palladium (II) complexes.  
 
Scheme 38: platinum insertion reaction scheme for 73 
1H-NMR spectrum is shown in Figure 76. The signals generated by the six hydrogens in meta to the 
pyridyl nitrogen, a multiplet composed of the six hydrogens ortho in the pyridyl rings, together with 
the eight beta hydrogens, and the four hydrogens ortho and meta to the carboxylic group are found 
in the aromatic region of the spectrum. The peak at 4.73 ppm is generated by the methyl groups on 
the pyridyl rings. All the assignments are summarized in Table 29 and they are in agreement with the 
previously reported data.146 
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Figure 76: 1H-NMR spectrum with expansion of 74 in DMSO-d6 at 298 K and 600 MHz 
Multiplicity 
δ 
(ppm) 
J (Hz) 
Integration 
value 
Assignment 
 
m 9.52 - 6 HPy-m 
m 9.00 - 14 HPy-o + H 
d 8.40 7.8 4 HAr-o 
d 8.25 7.8 4 HAr-m 
s 3.93  6 CH3 
Table 29: hydrogen signals assignment and structure of 74 
Compound 117 was unstable under the reaction conditions required for platinum (II) insertion, hence 
the corresponding complex could not be obtained.  
Platinum (II) insertion on 117 was attempted in different solvents, under conventional heating or MW 
irradiation, but all reactions led to a mixture of compounds (Scheme 39). The target platinum complex 
N+CH3  
HAr-o HAr-m 
HPy-o 
H 
HPy-m 
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was obtained, but alongside with it, the product of partial substitution of the alkoxy chain by hydroxide 
was detected by both NMR spectroscopy (Figure 77) and mass spectrometry (Figure 78).  
 
Scheme 39: observed platinum insertion on 117 
1H-NMR spectrum (Figure 77) showed an unexpectedly high number of signals, indicating the presence 
of more than one species. Mass spectrometry analysis (Figure 78) confirmed the OH replacement, 
although it was not possible to establish which of the three alkoxy-groups was replaced. Figure 78 is 
an expansion of the area of interest, and it can be seen the peak relative to triple-charge free base at 
393.12, and the triply-charge platinum complex at 458.21. The peak relative to triple-charge platinum 
complex bearing one hydroxyl group is present at 428.86. This evidence shows that alkoxy chain 
replacement can occur either previous to or following metal insertion. Crucially, the mass value of the 
platinum complex bearing one hydroxyl group coincides with that of the silver complex of 117. With 
the aim to elucidate the identity of the side product, the reaction was performed in the presence of a 
large excess of 125, prepared with less equivalents of silver nitrate in order to ensure the absence of 
silver ions. The outcome of the reaction was unchanged, confirming that the silver did not play a role 
in the formation of the side product. 
Decreasing the reaction temperature to avoid hydroxyl replacement resulted in incomplete metal 
insertion. Unfortunately, the separation of 117 from its platinum complex was not achievable, so the 
synthesis of platinum complex of compound 117 was abandoned.  
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Figure 77: 1H-NMR spectrum with expansion of platinum complex of 117 in DMSO-d6 at 298 K and 600 MHz 
 
Figure 78: ESI mass picture of platinum complex of 117 in MeOH at 298 K 
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Microwave irradiation was necessary for a complete metal insertion in both 76 and 102, as shown in 
Scheme 40. Attempts to achieve metal insertion employing conventional heating were unsuccessful. 
Complexation of the porphyrins prior insertion of the water-solubilising groups was not viable because 
the platinum (II) complexes do not withstand strongly acidic conditions.146  
 
Scheme 40: platinum insertion of 76 and 102 
Table 30 shows the reaction conditions and the yields for both anionic substrates. In both cases, the 
porphyrins were dissolved in water with the active platinum source and the reaction performed. 
Nearly quantitative yields were obtained for both reactions. Compound 76 required a slightly longer 
reaction time to reach complete metal insertion. 
Porphyrin Yield (%) Time (min) T (°C) 
77 91 20 200 
126 94 15 200 
Table 30: platinum insertion conditions, yield and MW settings 
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As in the previous cases, the products were isolated by filtration of the 
reaction mixture through celite to remove metallic platinum residues, and 
they were purified employing the ion exchange method for anionic 
porphyrins. Figure 79 illustrates porphyrin 77 precipitated from water 
following treatment with compound 103.   
The 1H-NMR spectrum of compound 77, not shown here, confirmed a 
complete metal insertion by disappearance of the internal hydrogens 
peaks. Mass spectrometry also confirmed complete insertion. The 1H-NMR 
spectrum shows a broad signal at low field generated by the carboxylic 
group, a multiplet from the eight beta hydrogens, signals from the 
hydrogens in ortho and meta to the carboxylic group appearing as a doublet 
of doublets, and two signals generated by the hydrogens on the phenyl 
rings. All the assignments are summarized in Table 31 and they are in 
agreement with the previously reported data.146  
Multiplicity 
δ 
(ppm) 
J (Hz) 
Integration 
value 
Assignment 
 
br s 11.08 - 1 COOH 
m into s 8.77 - 8 H 
d 8.37 8.2 2 Ho 
d 8.31 8.2 2 Hm 
d 8.15 8.1 6 H1 
d 8.05 8.1 6 H2 
Table 31: hydrogen signals assignment and structure of 77 
1H-NMR spectrum for compound 126 (Figure 80) shows the expected disappearance of the internal 
hydrogens. In the aliphatic region, residual diethyl ether from the crystallisation displays two signals, 
as indicated in Figure 80.  
Figure 79: precipitation of 77 
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Figure 80: 1H-NMR spectrum of 126 in DMSO-d6 at 298 K and 600 MHz 
The interpretation of the spectrum was similar to compound 121, as shown in Table 32. The peak 
relative to the carboxylic group at lower field is not visible in the analysis, probably due to exchange 
with the deuterated solvent. At higher fields, signals from the eight beta and the four aryl hydrogens, 
are visible followed by the signals of the aromatic amine hydrogens and the two CH2 groups. 
Hydrogen-carbon correlations, DEPT-edited 1H,13C-HSQC and 1H,13C-HMBC are shown in Figure 81 and 
in Figure 82, respectively. The correlations show the same structural features already identified for 
the free base 102. 
Multiplicity 
δ 
(ppm) 
Integration 
value 
Assignment 
 
m 9.18 6 H 
m  8.82 2 H 
2d into s 8.39 4 HAr 
s 6.69 3 NHm 
t into s 3.92 6 H2 
t into s 2.98 6 H1 
Table 32: hydrogen signals assignment and structure of 126 
H  
HAr 
NHm 
H2 
H1 
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Figure 81: DEPT-edited(135°)1H,13C-HSQC spectrum of 126 orange dots CH2 up, blue dots CH/CH3 down, in DMSO-d6 at 298K 
 
Figure 82: 1H,13C-HMBC expanded interested region of 126 in DMSO-d6 at 298 K and 600 MHz and 150 Mhz  
Et2O 
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Metallation of water-soluble species: expanding the applicability of the synthesis and purification  
Based on the success of the MW-assisted metal insertion in water-soluble porphyrins and of the ion-
exchange procedure, it seemed reasonable to verify that their applicability can be expanded beyond 
the production of palladium (II) and platinum (II) complexes.  
Among the transition metals, iridium (III) showed interesting luminescence properties following 
interaction with the oxygen.259–261 It has been reported that iridium porphyrins behave like platinum 
and palladium, showing an increase of luminescence proportional to the decrease of oxygen. 
Therefore, water-soluble and conjugatable iridium porphyrins could be used to obtain an oxygen 
sensing material. 
Examples of iridium complexes of porphyrin are reported in the literature,133,262–264 mostly for catalytic 
applications, but only one example of water-soluble iridium porphyrin is described,265 whose synthesis 
is shown in Scheme 41. The reaction occurs on porphyrin 57 in ethylene glycol at 140 °C for 5 hours. 
 
Scheme 41: iridium insertion inside porphyrin 57 265 
The purification process consisted of solvent evaporation, and subsequent dissolution of the crude 
reaction crude in water. The authors then added an acetone solution of benzo-18-crown-6-ether to 
the crude solution, causing precipitation of 127 which was collected by filtration (Figure 83).265 The 
precipitation was caused by the coordination of benzo-18-crown-6-ether to the sodium ions. The yield 
was low (14%) but the process produced a single crystal suitable for X-ray analysis.  
Attempts to replicate the results on compound 76 failed, therefore, a different solvent was employed. 
NMP was unsuitable, because although it is a good solvent for the iridium source, it does not solubilise 
76. Complete metal insertion was achieved in water, dissolving the iridium source in THF and heating 
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the reaction mixture at 200 °C under MW irradiation (Scheme 42). The metal insertion was also carried 
out on porphyrins 73 and 102 (Table 33): confirming that cationic porphyrins did not require 
microwave irradiation to achieve complete metal insertion.  
 
Figure 83: complex 127 complexed with benzo-18-crown-6-ether 265 
Reaction progress was monitored by mass spectrometry, following the disappearance of the peak of 
the free base. However, several peaks were detected for the iridium complex due to the exchange of 
the axial ligands coordinated to the metal. Other than the species without axial ligands, chlorine and 
hydroxyl as ligands were detected.  
 
Scheme 42: iridium insertion scheme 
Porphyrin Yield (%) Time T (°C) MW 
73 80 overnight 100 - 
76 76 20 min 200 √ 
102 63 20 min 150 √ 
Table 33: yields and reaction conditions for iridium insertion 
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NMR spectroscopy was not very conclusive, as shown for 73 in Figure 84. The spectrum shows a peak 
pattern typical of structures such as 73, with signals attributable to methyl groups at 4.70 ppm and 
aromatic signals between 8.11 and 9.49 ppm. The aromatic region between 8.11 and 9.49 ppm shows 
overlapping signals, due to the presence of species with different axial ligands coordinated to the 
metal, this prevented further unequivocal peak assignments to be made.  
The mass-spectrum (Figure 85) shows the iridium complex of porphyrin 102, and the peak with m/z 
relative to triple-charge complex bearing no axial ligands can be seen at 477.23. Two smaller peaks 
with the m/z of 482.92 and 488.90 correspond to the triple-charge signals relative, respectively, to the 
complex bearing a hydroxy group (Ir-OH) and to the complex bearing a chloride (Ir-Cl).   
 
Figure 84: 1H-NMR spectrum of iridium complex of 73 in DMSO-d6 at 298 K and 600 MHz 
N+CH3 
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Figure 85: ESI mass picture of iridium complex of 102 bearing different axial ligands in MeOH 
Indium (III) complexes of both water-soluble266–268 and non-water-soluble165,269–273 porphyrin are 
reported in the literature. Functionalised analogues of the water-soluble 51 have been successfully 
employed as labelling agents after insertion of radioactive 111In.268 Singlet oxygen production for 
photodynamic therapy (PDT) applications has been investigated on a water-soluble glucopyranoside-
conjugated porphyrin.267 Moreover, indium complexes of both porphyrins 73 and 76 have been 
synthesised to study their anion catalysed acid solvolysis.266  
Scheme 43 shows the metal insertions performed on substrates 73, 76 and 102. As observed for 
platinum and palladium complexation, cationic 72 did not require microwave irradiation for metal 
insertion. The reaction proceeded to completion in refluxing water overnight in the presence of an 
excess of indium trichloride as shown in Table 34.  
MW irradiation was necessary to achieve metal insertion in derivatives 76 and 102. The reactions were 
performed in water at 120 °C and were complete in 15 minutes.  
Porphyrin Yield (%) Time T (°C) MW 
127 98 overnight 100 - 
128 83 15 min 120 √ 
129 84 15 min 120 √ 
Table 34: yields and reaction conditions for iridium insertion 
Ir complex with no axial ligands 
Ir-OH 
Ir-Cl 
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Scheme 43: indium insertion scheme 
1H-NMR spectrum of compound 127 is shown in Figure 86. A very broad peak appears down-fields, 
highlighting the presence of a carboxylic acid group and the internal hydrogen signal at negative ppm 
disappeared, once again indicating complete metal insertion. Although the integration values match 
with the hydrogen count in the structure, the aromatic region appears poorly resolved. Mass 
spectrometry confirmed the formation of the expected complex 127 with no side products. Six pyridyl 
hydrogens are visible, followed by a multiplet produced by the eight beta and the other six pyridyl 
hydrogens; the four phenyl hydrogens appear as broad multiplets. The nine hydrogens relative to the 
methyl groups appear as signal at 4.74 ppm. Unequivocal signal assignment was not possible due to 
the broadening of the signals. 
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Figure 86: 1H-NMR spectrum with expansion of 127 in DMSO-d6 at 298 K and 600 MHz 
1H-NMR spectrum of compound 128 is shown in Figure 87. Complete metal insertion was detected by 
disappearance of the internal hydrogens. The broad signal from the COOH group appears at 13.22 
ppm, and the eight beta hydrogens in the aromatic region appear as a sharp multiplets. The remaining 
signals are assigned to the phenyl and the carboxyphenyl rings, as shown in Table 35. The aliphatic 
region presents some signals relative to residual solvent from the purification process, such as diethyl 
ether water and acetone, which prolonged permanence in vacuum could not remove. 
N+CH3 
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Figure 87: 1H-NMR spectrum with expansion of 128 in DMSO-d6 at 298 K and 600 MHz 
Multiplicity δ (ppm) J (Hz) 
Integration 
value 
Assignment 
 
br s 13.22 - 1 COOH 
m 9.07-9.11 - 8 H 
2d into dd 8.43 8.2/11.4 4 HAr 
d 8.25 8.1 6 H1 
d 8.11 7.8 6 H2 
Table 35: hydrogen signals assignment and structure of 128 
1H-NMR spectrum of complex 129, not shown here, was not conclusive, displaying very broad signals 
and overcrowded aromatic region, but both UV-vis and mass spectrometry confirmed the formation 
of the expected compound. 
  
5-Ar-Ho + Hm 
H  
10,15,20-Ho 10,15,20-Hm 
COOH  
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Metal insertion in porphyrins is a widely employed approach to create complexes useful in many 
applications, ranging from catalysis to chemical sensing. Sonodynamic therapy (SDT) is gaining 
increasing interest, due to the possible applications in medicine as a complementary approach to 
photodynamic therapy (PDT) in the cure of cancer and inactivation of microbial cells.274 In PDT, singlet 
oxygen and other cytotoxic reactive oxygen species responsible for cell death are generated following 
the interaction of a photosensitiser and visible light in the presence of oxygen. A considerable 
limitation of this approach is determined by the poor penetration of light in tissues (few millimetres). 
In sonodynamic therapy, reactive oxygen species are generated following the interaction of a 
sensitiser (in this case sonosensitiser) with ultrasound waves. Transparency of tissues to ultrasound 
allow the delivery of SDT treatment to deeply-seated lesions.274 The efficacy of SDT has been 
demonstrated both in vitro and in vivo animal models,275–278 but additional studies need to be carried 
out to fully understand the mechanism underpinning sonosensitisation of cells. It has been shown that 
cells death happens due to phenomena like sonoporation,279 cell membrane breakage,280 acoustic 
cavitation,281 heat282 and free radicals generation,283 or a combination of any of these events. 
Numerous studies attribute SDT effect to acoustic cavitation, defined as nucleation and growth of gas 
bubbles in an ultrasound field, which collapse violently releasing a sufficient amount of energy to 
cause irreversible cell damage.284,285 It has been demonstrated that bubble implosion can result in light 
emission (sonoluminescence).286,287 Based on the observation that most known sonosensitisers are 
also photosensitisers in PDT, it has been speculated that sonoluminescence could be involved in the 
generation of reactive oxygen species in SDT via a mechanism similar to that PDT.288 In order to shed 
light in this emerging fields, and to better comprehend the differences and the correlations between 
photo- and sonodynamic therapy, a series of experiments have been carried out in collaboration with 
researchers at the University of Turin, comparing the effect of different porphyrins on cells following 
exposure to light and ultrasounds. 
As part of a collaboration with this group, different metal complexes of porphyrin 51 were prepared, 
that reinforced the wide applicability of the method developed for the purification of cationic water-
soluble species.  
Three metal complexes of compound 51 were synthesised, to compare with the free base porphyrin. 
Zinc (II), iron (III) and palladium (II) were chosen as metals, as they give the macrocycle different 
photophysical behaviour and different efficiency to generate reactive oxygen species.  The synthesis 
of these complexes was described by Pasternack et al., but the purification method, also based on ion-
exchange, was different from the one developed during this work.289 The reactions were performed 
in water under reflux conditions overnight, employing the relative metal salt shown in Table 36.  
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A 1:5 ratio between the porphyrin and the metal salt was employed to ensure complete metal 
insertion (Scheme 44). 
Metal Yield Metal salt 
Zn 84% Zn(OAc)2 
Pd 78% Pd(OAc)2 
Fe 78% FeCl2 
Table 36: yields and reaction conditions for metal insertion 
 
Scheme 44: metal insertion scheme for 51 
The metal complexes were purified employing the ion-exchange method for cationic water-soluble 
porphyrins. Gratifyingly, the ion-exchange worked flawlessly on 130, 53 and 131 yielding high purity 
complexes, and further confirming the wider applicability of the method. 1H-NMR spectra of the free 
base 51 (Figure 88), the zinc complex 130 (Figure 89) and the palladium 53 (Figure 90) complexes are 
presented below. Table 37 summarises the hydrogen assignments, the chemical shifts and integral 
values of these compounds. 
Assignment 
51 53 130 Integration 
value 
 
2H Pd Zn 
Ho 9.54 9.51 9.47 8 
H 9.19 9.13 9.01 8 
Hm 9.01 8.97 8.89 8 
CH3 4.75 4.73 4.73 12 
M –3.10 - - 2 
Table 37: hydrogen signals assignment for 51 and its palladium and zinc complexes with general structure 
141 
 
The signals in the spectra are broad and poorly resolved, due to the strong aggregation tendency of 
porphyrins in DMSO-d6. The structure of the free base and the metal complexes formation was 
confirmed also by mass spectrometry and UV-vis spectroscopy.  
 
Figure 88: 1H-NMR spectrum with expansion of 51 in DMSO-d6 at 298 K and 600 MHz 
The zinc complex gave a spectrum with sharper and better-resolved peaks (Figure 89), showing the 
hydrogens on the pyridyl rings as doublets, with a coupling constant of 6.6 Hz.  
This part of the work allowed to confirm that the ion exchange purification method can be extended 
to species bearing different metal complexes, from palladium and platinum to zinc and iron. Cationic 
species 73 and 117 and a variety of their complexes can be purified employing this method, which is 
faster than chromatography and better suited to scale-up. 
 
N+CH3 
HPy-o 
H 
HPy-m 
NHint 
142 
 
 
Figure 89: 1H-NMR spectrum with expansion of 130 in DMSO-d6 at 298 K and 600 MHz 
 
Figure 90: 1H-NMR spectrum with expansion of 53 in DMSO-d6 at 298 K and 600 MHz 
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3.4 Activation of carboxylic acid for conjugation reactions  
The next step of the work involved the preparation of species suitable for conjugation to 
biomacromolecules. Many approaches have been used to conjugate porphyrins to proteins and 
peptides, including bio-orthogonal strategies (e.g., copper catalysed cycloaddition between an azide 
and a propargyl group,290 metathesis reactions between two double bonds,291 etc.), strategies 
targeting less-abundant residues (e.g., thiol-maleimide ligation)292 and non-bio-orthogonal strategies 
based on the formation of an amide bond between the porphyrin and the substrate. A common 
approach to form amide bonds involve the transformation of the carboxylic group (generally located 
on the porphyrin) into the corresponding N-hydroxysuccinimide ester (NHS ester), using N-
hydroxysuccinimide and a carbodiimide activator.146 The latter approach was the one employed for 
this project. Activation of complexes 74, 75, 77, 78, 117, 121 and 126 was undertaken via the 
formation of the corresponding hydroxysuccinimide-esters. The isolation of the active ester was not a 
necessary step, as the activation can be performed in situ with the scaffold already present in the 
reaction environment. However, in situ activation can lead to unwanted cross-linking between groups 
on the protein. In addition, NHS esters can be stored and can be used as stand-alone reagents for 
conjugation. 
A general reaction scheme is presented in Scheme 45. The reactions were performed with a large 
excess of NHS and EDC hydrochloride (up to 10 equivalents) in DMSO for 12-48 hours at 40 °C, as 
shown in Table 38. 
 
Scheme 45: ester activation reaction scheme 
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Product formation was monitored by mass spectrometry and the reaction was stopped when no 
starting material was detected. It is worth noting that the reaction did not reach completion if the 
substrate was not completely dissolved, and in some cases, addition of DMSO was necessary after 24 
hours if the reaction was not complete: this was the case of the complexes 74 and 75, as shown in 
Table 38. Interestingly, when the free base of EDC was used only traces of active ester were detected 
in the reaction mixture, probably due to degradation of the coupling reagent. The products were 
purified with the ion-exchange methods, which, gratifyingly, did not cause degradation of the 
activated ester group. When the ion-exchange method was not applied, the reaction product resulted 
contaminated with residues of EDC and NHS. 
Complex  1H δ (ppm) 1H Figure Scale (mg) Yield (%) Time (h) 
132 3.01 Figure 92 99 86 48h 
133 3.02 Figure 91 10 78 48h 
134 3.00 Figure 95 110 72 24h 
135 3.00 Figure 94 100 71 24h 
136 3.02 Figure 93 78 87 12h 
137 3.01 Figure 97 145 91 24h 
138 3.01 Figure 96 100 73 24h 
Table 38: ester activation reaction conditions and chemical shift of succinimide CH2 for all substrates 
Activated species 138 was obtained in 91 % yield on a 150-mg scale reaction: this was the highest 
yielding activation reaction, presumably due to the excellent solubility of the substrate in DMSO. 
Complex 117 reacted faster than the other substrates, reaching completion in just 12 hours, 
confirming the importance of the solubility of the starting material in the reaction mixture.  
1H-NMR spectra of the different active esters are shown below. The appearance of a peak at ca. 3.00 
ppm due to the succinimide CH2 hydrogens is apparent in all spectra. The general poor solubility of 
the substrates made the integration of the peaks on 1H-NMR spectra inaccurate, although the 
chemical shifts were in line with what was expected. Aggregation and precipitation in the NMR tube, 
even at low concentrations, was evident, which decreased the resolution of the spectra. On the other 
hand, too diluted sample gave non-legible spectra, therefore a compromise had to be found between 
resolution and sensitivity. The presence of the succinimide group was also confirmed by the presence 
of a peak in the aliphatic region of the 13C-NMR spectra of all synthesised species (ca. 25 ppm). Mass 
spectrometry also confirmed the structure of the target compounds.  
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Seven different metalloporphyrins bearing an active ester for conjugation have been synthesised and 
characterized.  
 
Figure 91: 1H-NMR spectrum with expansion of 133 in DMSO-d6 at 298 K and 600 MHz 
 
Figure 92: 1H-NMR spectrum of 132 in DMSO-d6 at 298 K and 600 MHz 
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 HAr-m HAr-o 
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Figure 93: 1H-NMR spectrum with expansion of 136 in DMSO-d6 at 298 K and 600 MHz 
 
Figure 94: 1H-NMR spectrum with expansion of 135 in DMSO-d6 at 298 K and 600 MHz 
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Figure 95: 1H-NMR spectrum with expansion of 134 in DMSO-d6 at 298 K and 600 MHz 
 
Figure 96: 1H-NMR spectrum of 138 in DMSO-d6 at 298 K and 600 MHz 
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Figure 97: 1H-NMR spectrum of 137 in DMSO-d6 at 298 K and 600 MHz 
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3.5 Synthetic approach for porphyrins A3B conclusions 
During this work, the attention was focused on the synthesis, characterisation and metal insertion of 
two novel water-soluble and conjugatable porphyrins. In addition, two known water-soluble and 
conjugatable porphyrins were synthesised, characterised and metallated as comparison with the new 
species. The porphyrins were of the type A3B, with one of the meso-substituents bearing a carboxylic 
function, later exploited as anchoring moiety to build macromolecule-supported oxygen sensors. The 
novel water-soluble porphyrins are based on the same perfluorinated precursor 99, differently 
functionalised on the three equivalent meso-positions, to obtain both positively and negatively 
charged molecules.  
In both cases, a nucleophilic substitution on the para-fluorines of the aryl rings was performed to 
render the macrocycle soluble in water. More specifically, the anionic derivative was obtained using 
taurine, an intrinsically water-soluble moiety. In the case of the cationic derivative, on the other hand, 
water solubility was introduced by modification of the chain after attachment to the porphyrin. The 
overall syntheses showed extraordinarily high yields, gram-scale applicability and occurred in 
relatively mild reaction conditions employing commercially available reagents. Moreover, the 
synthetic approach and the purification of the two known porphyrins, one positively and one 
negatively charged as well, were optimised and improved to suite gram-scale applicability.  
Metal insertion of palladium (II) and platinum (II) was performed on all the porphyrins synthesised to 
obtain suitable species for optical oxygen detection. In addition, several different metals were inserted 
in the macrocycles with good yields, with or without the employment of microwave irradiation, 
proving the wider applicability of the method. Lastly, the carboxylic acid was activated via NHS-
mediated chemistry in order to obtain conjugatable water-soluble porphyrins suitable for anchoring 
on solid supports.  
Crucially, during this work new purification methods for cationic and anionic water-soluble porphyrins 
were developed and optimised. The methods are based on a double ion-exchange on the charged 
molecule, inducing a precipitation from water solutions first, and from organic solvents later. The 
purification of cationic derivatives was optimised and improved for gram-scale applicability, while the 
method suitable for anionic derivatives was designed and developed here, and it constitutes, to the 
best of our knowledge, the first cheap and scalable purification method applicable to sulphonated 
porphyrins.  
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4 Oxygen-sensing protein hydrogels 
The final objective of this work was to verify the response of the new platinum (II) and palladium (II) 
porphyrins to changing oxygen levels in aqueous environment, both as stand-alone sensors and 
supported on protein-based hydrogels.  
To this end, the conjugation of the porphyrins to proteins able to form hydrogels known to support 
cell growth was undertaken. The two proteins chosen were silk fibroin and type I collagen. 
Fibroin is a naturally occurring protein produced by insects such as spiders (Nephila clavipes), 
silkworms (Bombix mori) and moths (mostly belonging to the family of Saturniidae). Fibroin is one of 
the two main constituents of raw silk, and its properties makes it suitable for the fabrication of bio-
materials.293–295 Fibroin is normally extracted from Bombyx mori cocoons, where it is found in 
association with sericin, a water-soluble glycoprotein that covers the surface of fibroin fibres.293 
Fibroin structure consists of antiparallel -sheets layers, with a primary sequence of recurring amino 
acids: glycine-serine-glycine-alanine-glycine-alanine (Gly-Ser-Gly-Ala-Gly-Ala), as shown in Figure 98. 
 
Figure 98: fibroin primary sequence of amino acids  
The high content of glycine is responsible for the tight packing of the sheets, ultimately conferring 
great mechanical strength to the material.296 Fibroin fibres are harder than Kevlar® fibres,297 and show 
higher mechanical strength than other biocompatible materials like collagen and poly-L-lactic acid 
(PLA).298 Beyond showing these remarkable mechanical properties, silk fibroin is fully biocompatible 
after sericin removal,297 slowly biodegradable,299 and it offers the possibility to be chemically 
modified300 and manufactured to obtain a variety of bio-material.296 
Silk has been used for centuries as suture thread to close wounds293 and recently, due to the  possibility 
of fabricating material with different mechanical properties, its applications have been extended to 
tissue engineering.296 Silk fibroin-based scaffolds are suitable for cells attachment and proliferation, 
both for primary human meniscal cells294 and for human osteoblast MG63 cells.295 Fibroin can be 
processed into films or sponges to obtain wound dressing,301 or scaffolds in which both hepatic302 and 
bone cells can grow and proliferate.303 Hydrogels made of fibroin find applications in bone tissues304 
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and cartilage tissue engineering,305 while fibroin fibres are excellent material for ligament306 and 
tendon tissues.307 Non-woven mats of fibroin are suitable to mimic connective tissues,308 endothelial 
and blood vessels.309 In addition, micro- and nanospheres of silk fibroin can be employed as drug 
delivery system.310,311  
Collagen is the most abundant and most important structural protein in animals. Collagen is the main 
component of the extracellular matrix in connective tissues and the main constituent of tendons, 
ligaments and skin. Collagen has been a popular source of bio-materials in the last decades.312 It is 
biodegradable, biocompatible, it presents low toxicity, high versatility and weak antigenicity.313 
Different types of collagen exist, which are more or less abundant in different kind of tissues: all 
collagen types display a characteristic triple-helix structure, although only few types are capable of 
forming fibres.313 Collagen molecules are composed of three -helices coiled together, and each -
helix is formed by more than a thousand amino acids with recurring sequence glycine-proline-
hydroxyproline (Gly-Pro-Hyp) as showed in Figure 99.  
 
Figure 99: collagen typical amino acids sequence  
The presence of glycine every three amino acids is essential for the tight packaging of the -helices to 
form collagen fibrils, which in turn form collagen fibres as showed in Figure 100.314 
 
Figure 100: collagen structure 314  
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Based on the conformation and composition of the -helices, 29 different types of collagen are known, 
but only a few can be employed for biomedical applications.313 Its suitability for biological applications 
arise from the fact that it provides an environment for cell growth that closely mimics physiological 
conditions. Collagen has been used in electrophysiological studies315 and as a matrix for nervous 
system models.316 Collagen gives useful information on the behaviour of cells growing in 3D 
scaffolds,313 and because of this it has been used to elucidate mechanisms of tissue invasion by cancer 
cells,317,318 and to evaluate the efficiency of anticancer agents on 3D cell cultures.319 Furthermore, 
collagen-based hydrogels can be employed as anchoring biomaterial to cultivate organs ex vivo.320 
Following mineralization with calcium phosphate, collagen can be used as biomaterial for bone tissue 
engineering.321 Collagen-based flexible biomaterials were used to promote cartilage regeneration322 
and to replace heart valves and vascular conduits.323 Wound dressings made of collagen are employed 
to treat skin burns and ulcers324 and as drug delivery systems.325,326 Collagen-based biomaterials also 
find applications in plastic surgery, where they can be employed as dermal fillers.327 Type I collagen is 
the most employed type of collagen for biomedical applications,328 and it is normally extracted from 
bovine tendons and skin, rat tails and pig skin.313 
In this work, a commercially available solution of type I collagen in 0.1 M acetic acid (protein content: 
2 mg/mL) was used. Gelation was carried out according to a procedure reported in the literature with 
minor variations.329 Briefly, the pH of the solution was adjusted to a value around 7.0 with a 1 M 
aqueous solution of NaOH. The use of a concentrated solution of NaOH was preferred to avoid 
increasing the volume of the collagen solution, which would cause the protein content to decrease 
and subsequently the gelation process to fail. Optimal gelation condition entailed the neutralisation 
of the collagen solution with 1 M aqueous NaOH (10 % v/v respect to the protein solution) and 
incubation at 37 °C for 30 minutes. 
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4.1 Conjugation to support  
For the conjugations, a calculated amount of the porphyrins was dissolved in 10 mL of deionized water 
to reach a concentration of 5x10-4 M (Table 39). The stock solutions were stored in the fridge to 
prevent decomposition of the activated ester. 
Porphyrin MW mg [M] 
132 1101.17 5.5 5·10-4 M 
133 1012.11 5.1 5·10-4 M 
134 1254.02 6.3 5·10-4 M 
135 1164.96 5.8 5·10-4 M 
136 1486.21 7.4 5·10-4 M 
137 1599.03 8.0 5·10-4 M 
138 1509.97 7.5 5·10-4 M 
Table 39: Amounts of porphyrins in stock solutions  
Fibroin  
Procedures for extracting fibroin from Bombyx mori cocoons are well characterised in the literature.293 
Cocoons cut in small pieces must be first treated with a 0.02 M aqueous solution of Na2CO3 for 30 
minutes to eliminate sericin from the fibres (degumming process). The raw fibres are then rinsed in 
water, dried and treated with a 9.3 M aqueous solution of LiBr at 40 °C for 4 hours or until completely 
dissolved. The fibroin solution is dialyzed against water for 48 hours, centrifuged to eliminate any 
insoluble materials and stored at 4 °C. The fibroin thus obtained is suitable to manufacture hydrogels, 
nanoparticles and fibres. Hydrogels are obtained triggering low degrees of crystallinity by addition of 
alcohol or water annealing.293  
In this work the method for fibroin extraction described above was adopted.293 In our hands, fibroin 
did not dissolve completely after stirring overnight at 40 °C, and following centrifugation, the 
remaining agglomerates of fibres were treated again with a 9.3 M aqueous solution of LiBr for 4 hours 
at 60 °C. Both batches were dialysed to give optically transparent fibroin solutions.  
To estimate the protein content of the solutions, 1 mL of each solution was transferred in a previously 
weighted flask and dried under reduced pressure. Weighting the residues revealed that the first 
solution had a fibroin concentration of 62 mg/mL, while the second one 23 mg/mL.   
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Next, gelation conditions were optimised to obtain an optically 
transparent gel that would lend itself to be used in fluorescence 
measurement, but stiff enough to withstand the inversion test (i.e., not 
flowing, following inversion of the vial). The gels were obtained by 
alcohol addition. Preliminary experiments showed that the solution 
containing 62 mg/mL of fibroin was too concentrated to produce a gel 
with suitable optical properties: the gel, although very stable and firm in 
the inversion test, was too opalescent due to the high protein content. 
Gels prepared with the less concentrated fibroin solution (23 mg/mL) 
displayed favourable transparency, as showed in Figure 99. Optimal 
gelation conditions entailed the use of two parts of protein solution and 
one part of ethanol by volume. Protein solution and ethanol were slowly 
mixed and allowed to stand at room temperature for 30 minutes. Gel samples were produced 
employing 200 L of protein solution 23 mg/mL and 100 L of ethanol. 
To conjugate complexes to fibroin, 2 mL of the porphyrin stock solutions were added to 10 mL of 
protein solution and the resulting mixture was allowed to stand for 4 hours at room temperature. The 
volume of the stock solutions used was calculated to obtain 1x10-3 mmol of porphyrin per 230 mg of 
protein. Preliminary attempts to perform the conjugation on the 62 mg/mL fibroin solution resulted 
in the gelation of the mixture during conjugation, which prevented the uniform distribution of the 
porphyrin in the reaction medium. When the less concentrated fibroin solution was employed (23 
mg/mL), gelation did not occur until ethanol was added. The reaction mixtures were poured in dialysis 
tubes and dialyzed overnight against deionised water to remove any unreacted porphyrin and the 
side-products from the conjugation reaction. The functionalised fibroin solutions were transferred 
into vials and stored in the fridge to prevent unwanted gelation. It is worth to note that no porphyrin 
was released in the dialysate (verified by UV-vis spectroscopy), indicating that all the porphyrin added 
was conjugated to the protein. In light of this, no further test was performed to quantify the amount 
of dye attached to the protein, as it was assumed the final load to be 4.35x10-6 mmol of porphyrin per 
mg of protein.  
In the condition adopted, we assumed that the conjugation undoubtedly involved N-terminus Lys-
NH2, but we cannot exclude reactions with thiols present in the protein as well as the alcohol groups 
present in serine and hydroxyproline residues (Ser-OH and Hyp-OH). 
  
Figure 101: fibroin inversion test 
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Collagen  
Collagen is sold as a 0.1 M acetic acid solution to prevent gelation, a process that occurs in neutral or 
basic conditions. In order to perform the conjugation, however, sodium acetate was added to the 
collagen solution to buffer it at pH 4.7, a value compatible with the solubility of the fibres and suitable 
for the conjugation of the activated ester.330 Gelation of collagen at pH 4.7 is very slow, allowing the 
conjugation to be carried out in solution. The porphyrin/protein ratio was adjusted to maintain the 
same porphyrin-to-protein ratio adopted for the fibroin conjugation. Therefore, 200 L of the 
porphyrin stock solutions were added to 10 mL of collagen solution, resulting in 5.0x10-6 mmol of 
porphyrin per mg of protein. Unexpectedly, addition of the porphyrin solution caused the formation 
of non-evenly distributed agglomerates in the collagen solution. The agglomerates appeared 
coloured, suggesting that the aggregation was triggered by the addition of the porphyrin. It was 
noticed that this behaviour was more pronounced with porphyrins 134, 135, 137 and 138, which are 
negatively charged. We therefore speculated that the aggregation was triggered by the local increase 
of ionic strength of the medium and the formation of insoluble ionic pairs between the protein and 
the porphyrins. The problem of the aggregation was circumvented by employing ethanol as a co-
solvent, which efficiently prevented the unfavourable interaction of collagen with the porphyrin, while 
still being compatible with the solubility of the protein. Visual examination of the conjugation solution 
led to consider that too little porphyrin was present in the sample, which would potentially lead to 
challenges in the detection of the porphyrin luminescence in the presence of oxygen. The conjugations 
were then performed with a larger amount of dye. 300 L of porphyrin stock solution and 500 L of 
ethanol were added to 10 mL of collagen solution; the solution was shaken on a vortex to allow 
uniform distribution of the dye and slow stirring was continued for 4 hours at room temperature to 
allow complete conjugation. After this time, the solutions were poured in dialysis tubes and dialyzed 
against a 0.1 M solution of acetic acid overnight. No porphyrin was detected in the dialysate or 
coloured dialysis tube were observed, suggesting once again that the dye employed was completely 
conjugated to the support. The functionalised collagen solutions were poured in a vial and stored in 
the fridge to prevent unwanted gelation. The final porphyrin load was 7.5x10-6 mmol of dye per mg of 
protein.  
It is worth noting that for both protein conjugates no differences in the gelation behaviour was 
observed compared to the protein alone. Therefore, it was reasonable to assume that proteins and 
conjugates will afford gels with similar properties with respect to oxygen diffusion. 
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4.2 Oxygen response  
The oxygen sensing behaviour of the porphyrins 136, 137 and 138 was characterised in aqueous 
solution and supported on protein hydrogels. The responsiveness to oxygen of protein hydrogels 
containing porphyrins 132, 133, 134 and 135 was also studied.  
The experiments consisted in varying the oxygen tension in the medium (aqueous solution or 
hydrogel) and recording the intensity of luminescence of the porphyrins using the wavelength of the 
Soret band for excitation. The oxygen tension was varied by saturating the medium with oxygen (to 
attain 100 % oxygen tension) or argon (to attain 0 % oxygen tension) and allowing the system to 
equilibrate with air (giving an oxygen tension of ca. 21 %). The oxygen tension was measured with an 
optical oxygen probe (Ocean Optics NeoFox NFB0181) immersed in the medium, previously calibrated 
at 0 % and 100 % oxygen tension points by flushing pure argon and oxygen, respectively. All 
measurements were carried out at 298 K and in deionised water. 
4.2.1 Stand-alone porphyrins 
In order to compare the response of the different metalloporphyrins, stock solutions of the different 
dyes and of the conjugates were prepared. A known volume of the porphyrin stock solutions was 
diluted in deionised water to obtain a final concentration of 5x10-3 mg/mL (Table 40). To facilitate the 
comparison of the behaviour of the porphyrins, the concentrations were adjusted to bring the 
intensity of the Soret band to a value of 0.1 A. 
Porphyrin L Final Volume Concentration 
136 6.7 10 mL 5·10-3 mg/mL 
137 6.3 10 mL 5·10-3 mg/mL 
138 6.6 10 mL 5·10-3 mg/mL 
Table 40: stock solution volumes and concentrations of novel porphyrins 
In each experiment, 10 mL of the prepared solutions was placed into a 20-mL vial equipped with a 
magnetic stirrer. The oxygen probe was immersed in the solution and held in place with a clamp while 
the solution was stirred. A needle connected to an argon balloon was then placed in the solution, 
allowing the gas to diffuse and saturate the environment replacing the air dissolved. Once the probe 
registered 0 % oxygen tension, a 1 mL sample was transferred in a fluorescence cuvette by means of 
a micropipette and the fluorescence intensity was measured. The content of the cuvette was returned 
to the vial, stirring was continued for few seconds and a new fluorescence measurement was carried 
out in correspondence of a different level of oxygen tension. The readings of fluorescence were 
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repeated until a value of oxygen tension of ca. 21 % was reached, indicating that equilibrium with air 
had been attained. The procedure was repeated using an oxygen-filled balloon to carry out 
measurements at oxygen levels above atmospheric. In order to minimise variations of oxygen tension 
in solution between the sampling and the fluorescence analysis, the experiment was carried out in 
proximity of the fluorimeter. It is worth noting that while it was possible to reach values of oxygen 
tension close to 0 %, the maximum oxygen percentage achieved was ca. 80 %. Despite the incomplete 
range of oxygen percentage, the biological range of interest was fully covered. The fluorescence data 
were combined in a chart showing the decrease of fluorescence intensity for increasing oxygen 
tension. 
The experiment detailed above was performed on solutions of porphyrins 136, 137 and 138. For the 
remaining known porphyrins the oxygen response was measured only on support, due to time 
restrictions and due to the data are already present in the literature.146,147  
Chart 1 shows the variation of fluorescence emission of complex 137 for increasing concentrations of 
oxygen. As expected, the intensity of emission decreases for increasing oxygen tension. Larger 
changes in emission intensity were observed for oxygen fluctuations below atmospheric level.  
 
Chart 1: emission intensity vs wavelength for complex 137 in solution (deionised water at 298 K) 
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Chart 2 shows the normalised intensity in correspondence of the emission maximum (max = 672 nm) 
versus the dissolved oxygen percentage (0 % to 80 %). The trend line highlights that the behaviour fits 
the expected exponential decay typical of these systems.146 
 
Chart 2: normalized emission intensity at 672 nm vs dissolved oxygen concentrations for complex 137 in solution (deionised 
water at 298 K) 
The data points can be elaborated to obtain the corresponding Stern-Volmer plot (see Equation 1). 
Chart 3 shows an excellent linear correlation of the reciprocal of fluorescence intensity (1/I) with 
oxygen concentration, particularly considering the wide interval of oxygen tensions examined (R2 = 
0.985). 
 
Chart 3: Stern-Volmer transformation for complex 137 in solution (deionised water at 298 K) 
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Linearity of response is higher at concentrations of oxygen below atmospheric value (0 % to 20 %), 
which is advantageous for biological applications, and the relative Stern-Volmer plot shows a 
correlation factor of 0.995 (Chart 4).  
 
Chart 4: Stern-Volmer transformation for complex 137 in solution from 0 % to atmospheric O2 % (deionised water at 298 K) 
The slope of the plots above gives the value of the Stern-Volmer constant (KSV) expressed in %-1 s-1, 
which can be converted to oxygen partial pressure (pO2) expressed in mmHg as shown in Equation 2.  
pO2 = (x/100) · 742.23 mmHg 147 
Equation 2: conversion of O2 % in partial pressure 
In turn, the partial pressure can be converted in molarity as shown in Equation 3.  
[O2] (M) = (pO2 mmHg) / (760 mmHg atm-1) · (757 atm M-1) 146,147 
Equation 3: conversion of pO2 in molarity 
Table 41 shows the parameters of the Stern-Volmer plot (KSV) for 137 in aqueous solutions in 0-75 % 
and 0-20 % oxygen concentration.  
[O2] (%) [O2] (M) 
Ksw  
(M-1 s-1) 
(±) R2 I0/Imin 
0 - 20.1 0 - 2.6·10-4 1.06·104 0.02·104 0.995 3.75 
0 - 75.0 0 - 1.0·10-3 1.07·104 0.02·104 0.985 11.90 
Table 41: Ksw, R2, I0/Imin for complex 137 in solution at 672 nm  
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Palladium complex 138 displayed very low fluorescence intensity emission compared to the platinum 
complex of the same porphyrin, which makes the readings of the emission intensity at max unsuitable 
to obtain a Stern-Volmer plot (Chart 5).  
Similarly, compound 136 displays negligible fluorescence emission in aqueous solutions. Steady-state 
measurements do not allow elucidation of this behaviour, which could be due either to a poor 
quantum yield of the excited state or to its very efficient quenching by molecular oxygen. To gain 
insight in the properties of the molecule excited state, time-resolved studies should be carried out. 
 
Chart 5: emission intensity vs wavelength for complex 138 in solution (deionised water at 298 K) 
Chart 6 shows a comparison of the fluorescence emission obtained by equimolar solutions of 137 and 
138 (5·10-3 mg/mL) at 1.2 % of oxygen. 137 shows a fluorescence emission 25 times more intense that 
the corresponding palladium derivative.  
 
Chart 6: comparison of emission intensity vs wavelength between complexes 137 and 138 in solution at 1.2 % O2 (deionised 
water at 298 K)  
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4.2.2 Porphyrins in protein hydrogels 
Measuring the oxygen responsiveness of the porphyrin in semisolid hydrogels presented few logistic 
challenges. Firstly, since the gels could not be transferred in a cuvette to carry out the readings, an 
experimental setting needed to be designed that would allow fluorescence analysis to be carried out 
in the same container where the gelation takes place. To overcome this issue 96-well plates were 
employed: the protein solution was transferred in the wells where the gelation was triggered, and the 
plate was then used to carry out fluorescence measurement in a plate reader. We decided to employ 
96-well plates, because the small volume of the wells (300 L) allowed to prepare a relatively high 
number of samples and replicates, while limiting the amount of solution employed. Filling the wells to 
the top with ca. 300 L of solution allowed enough sample volume for the oxygen probe tip to be 
inserted in the gel, in order to detect the amount of oxygen dissolved. 
To promote the gelation of collagen, it was necessary to incubate the plates with the collagen solutions 
at pH 4.7 at 37 °C for 30 minutes. Fortunately, fibroin gelation was not affected by this additional step 
and the same plate could be used for both conjugates. Table 42 shows the volumes employed for both 
fibroin and collagen in the preparation of the gels.   
Protein L solution L EtOH L 1M NaOH Tot. volume 
Fibroin 200 100 - 300 L 
Collagen 250 - 25 275 L 
Table 42: volumes employed to prepare the gels 
Next, the attention was focused on designing the experimental conditions to obtain efficient gas 
diffusion and attain the minimum and maximum values of oxygen tension. Once the gel was formed, 
the plate was placed in a desiccator, which was connected to the vacuum for a few seconds and then 
filled with argon. Three cycles of vacuum-argon were performed before leaving the desiccator sealed 
overnight. The same process was applied for oxygen equilibration. 
To measure the percentage of oxygen, the probe was inserted in the gel before the fluorescence 
reading. Unfortunately, once the gel was broken by the probe, it could neither be employed for the 
reading of the fluorescence intensity nor for further oxygen measurement with the probe. Because of 
this, several blank gels of fibroin and collagen were prepared to serve as reference wells for the probe. 
With this setting, the porphyrin-containing gels were employed for the fluorescence readings. 
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Figure 102: 96 well-plates example for oxygen response on support 
In a typical plate, the wells in the top half of the plate (rows A-D) were filled with functionalised fibroin, 
while the bottom half (rows E-H) with functionalised collagen (Figure 102). Columns 1-7 contained 
functionalised material (as evidenced by the colour), while columns 8-12 were used as reference wells, 
as detailed above. Successful gel formation was verified by the inversion test, and the plates that 
presented leaks or incompletely set gels were discarded. The plate was then placed in a desiccator 
and exposed to either argon or oxygen as detailed above, and left standing overnight. Oxygen tension 
was then measured, and the fluorescence readings were performed. The plate was then left to 
equilibrate with air and further fluorescence readings were taken, until atmospheric oxygen 
percentage was attained. It is interesting to note that the gas diffusion in hydrogels was considerably 
slower than in aqueous solution. Significant differences in oxygen levels in the gels were attained in 
minutes, rather than in seconds, as was the case for the porphyrin solutions. This behaviour was 
ascribed to two factors: the inherently slower diffusion of small molecules in hydrogels compared to 
liquids,331 and the fact that the gel was in contact with the atmosphere only through its upper surface, 
which, unlike in the case of the solutions, was not renewed by stirring. The latter instance is likely to 
determine the formation of a gradient of oxygen concentration which slows down the equilibration 
process. Equilibration of the sample with air was attained between 6 and 8 hours. 
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Oxygen response in fibroin hydrogels 
The fluorescence measurements of protein-supported dyes were carried out with excitation 
wavelength set at 400 nm and recording the emission between 600 nm and 800 nm. As for the 
experiments in solution, the data were combined into charts showing the change of fluorescence 
intensity at different oxygen tensions. As discussed above, the reduced diffusion of oxygen in the gel 
allowed to measure the fluorescence for oxygen tensions between 9 % and 40 %. Despite the narrower 
range achieved, the new sensing material were oxygen permeable and responsive over a biologically 
relevant range of oxygen tension, hence they are suitable for biological applications.  
Chart 7 shows the emission intensity of 137 supported on fibroin, showing a decrease of fluorescence 
intensity for increasing oxygen tension.  
 
Chart 7: emission intensity vs wavelength for complex 137 supported on fibroin at 298 K 
Interestingly, the maximum of emission appeared at 650 nm, showing a marked blue shift compared 
to the porphyrin in solution (max = 672 nm). The shift in fluorescence emission are known to be 
determined by interaction of the fluorophore with macromolecular supports, resulting in the 
formation of aggregates.332 Lawless et al. detected a marked red shift of the fluorescence emission of 
different coumarin dyes in doped sol-gel silica, and attributed the effect to the microenvironment 
entrapping the fluorophores. Similar phenomena can account for the blue shift (22 nm) detected for 
137 attached to fibroin.  
Chart 8 and Chart 9 show the emission spectra recorded at different oxygen tensions for platinum 
porphyrins 134 and 132 in fibroin hydrogel, respectively. For these species the emissions maxima (max 
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= 670 nm) are closer to the values observed in the literature (667 nm for 132, and 663 nm for 134).146 
This evidence suggests a less pronounced interaction of the matrix with 132 and 134 compared to 137. 
 
Chart 8: emission intensity vs wavelength for complex 134 supported on fibroin at 298 K 
 
Chart 9: emission intensity vs wavelength for complex 132 supported on fibroin at 298 K 
Chart 10, Chart 11, Chart 12 and Chart 13 show the emission spectra at varying concentrations of 
oxygen for fibroin hydrogels containing complexes 136, 135, 138 and 133, respectively. Complexes 
136, 135 and 138 show the expected decrease in fluorescence emission for increasing oxygen tension, 
while the weak fluorescence of 133 (Chart 13) did not allow to differentiate reliably the intensity of 
the different emission curves. Interestingly, the fluorescence emission of complex 136 in fibroin 
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hydrogel showed oxygen-dependence (Chart 10), a behaviour not observed for the same complex in 
solution, where hardly any fluorescence was detected. In the light of this evidence, it can be inferred 
that the fluorescence quenching of 136 by molecular oxygen is highly efficient in water where oxygen 
diffuses rapidly. On the contrary, the reduced oxygen diffusivity in fibroin hydrogel limits the 
quenching efficiency allowing luminescence detection. 
 
Chart 10: emission intensity vs wavelength for complex 136 supported on fibroin at 298 K 
 
Chart 11: emission intensity vs wavelength for complex 135 supported on fibroin at 298 K 
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Chart 12: emission intensity vs wavelength for complex 138 supported on fibroin at 298 K 
 
Chart 13: emission intensity vs wavelength for complex 133 supported on fibroin at 298 K 
Chart 14 shows the fluorescence emission curves for the three platinum complexes supported in 
fibroin hydrogel at 9.0 % of oxygen. Complexes 137 (orange curve) and 134 (blue curve) displayed a 
very strong fluorescence intensity at low concentrations of oxygen, while complex 132 (green curve) 
showed a 10 times lower emission in comparison.  
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Chart 14: emission intensity curves of the platinum complexes supported on fibroin at 9.0% O2 at 298 K 
The emission of the four palladium complexes recorded in the same conditions is shown in Chart 15. 
Complex 136 (purple line) showed the most intense fluorescence emission, followed by complex 135 
(red line) and 136 (green line), while complex 133 (black line) displayed a very poor fluorescence 
emission. A comparison among the fluorescence emission by the different dyes was possible because 
the samples contained the same concentration of porphyrin, and the readings were performed at the 
same oxygen concentration.  
 
Chart 15: emission intensity curves of the palladium complexes supported on fibroin at 9.0% O2 at 298 K 
These data highlight that platinum complexes fluoresce more intensely than the corresponding 
palladium derivatives and that, within series of porphyrins with the same metal, the anionic 
derivatives show higher fluorescence emission than the cationic ones, with the exception of palladium 
cationic complex 136. This behaviour is in line with previous findings for platinum and palladium 
porphyrins.146,147 
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Oxygen response in collagen hydrogels 
As in the case of fibroin, the measurements in collagen hydrogel were carried out in a plate reader, 
with excitation wavelength set at 400 nm and emission recorded between 600 nm and 800 nm. The 
data were then combined in charts showing the fluorescence emission intensity at different oxygen 
tension values.  
Chart 16  shows the emission curves for collagen hydrogel containing complex 134 at different oxygen 
concentrations.  
 
Chart 16: emission intensity vs wavelength for complex 134 supported on collagen at 298 K 
The fluorescence is oxygen-dependent and its intensity decreases for increasing oxygen 
concentrations. The anionic complex 134 showed good oxygen response despite the intrinsically lower 
fluorescence emission compared to the one observed in fibroin hydrogel (Chart 8).  
Chart 17, Chart 18 and Chart 19 show the emission curves for the palladium complexes 136, 135 and 
138 in collagen hydrogel, respectively. Species 136 and 135 show a decrease in fluorescence emission 
with increasing oxygen concentration. Complex 138 displays a similar behaviour but the intensity of 
emission is very low, intrinsically limiting the applicability of this complex. The emission of collagen 
hydrogels containing complex 132 and 137 varied erratically with the oxygen concentration showing 
no evidence of oxygen dependence. As observed in the case of fibroin hydrogel, collagen hydrogel 
containing complex 133 showed extremely poor fluorescence emission, and the difference between 
the curves obtained at different oxygen concentrations were hardly detectable. Complexes 132 and 
133 showed low fluorescence emission already at low oxygen concentrations, which hampers the 
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reliability of the sensor response and causes fluorescence emission curves to overlap. As observed for 
the complexes in fibroin hydrogel, palladium complexes are intrinsically less fluorescent than platinum 
ones.  
 
Chart 17: emission intensity vs wavelength for complex 136 supported on collagen at 298 K 
Overall, these data showed that the oxygen responsiveness of porphyrins in collagen hydrogel is less 
favourable compared to the one observed in fibroin. The fluorescence emission in collagen was 
generally weaker, which may arise from non-specific quenching of the excited states following from 
interaction of the porphyrin with the hydrogel matrix. In addition, it is worth pointing out that collagen 
hydrogels contained lower amounts of protein (in mg/mL) compared to the fibroin ones: this 
inherently makes the porphyrin concentration in fibroin hydrogel roughly 10 times higher than in 
collagen. 
Lastly, bearing in mind that the first attempts of porphyrins conjugation to collagen fibres resulted in 
the macroscopic formation of aggregates, even though the problem was apparently circumvented by 
the use of ethanol as co-solvent, formation of smaller aggregates invisible to the naked eye cannot be 
excluded. The presence of such species could have contributed to the uneven distribution of the 
fluorophore in the hydrogel, which could have caused the less favourable fluorescent behaviour and 
worse oxygen response compared to fibroin.  
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Chart 18: emission intensity vs wavelength for complex 135 supported on collagen at 298 K 
 
Chart 19: emission intensity vs wavelength for complex 138 supported on collagen at 298 K 
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Oxygen-sensing in protein hydrogels: quantitative considerations 
From the data shown above it emerges that, with few exceptions, the porphyrins under study display 
oxygen-dependent fluorescence in hydrogels. The use of this information for quantitative purposes 147 
(i.e., to correlate the emission intensity with the oxygen concentration in the environment) requires 
the evaluation of the linearity of the response. This entails the treatment of the data to obtain the 
Stern-Volmer plots, as illustrated above for porphyrin 137 in aqueous solution (Chart 2 and Chart 3). 
For each porphyrin, the average values of fluorescence intensity at the maximum of emission obtained 
from three experiments were plotted versus the oxygen concentrations, as exemplified for compound 
137 in fibroin hydrogel (blue circles, Chart 20). The data points correlate well with an exponential 
decay (R2 = 0.975). 
 
Chart 20: exponential decay of fluorescence intensity (blue circles, right axis) and I0/I values (red circles, left axis) versus 
oxygen concentration for compound 137 in fibroin hydrogel at 298 K 
The data points are transformed to give the Stern-Volmer plot (red circles in Chart 20), which show a 
good linearity between the values of I0/I and oxygen concentration (R2 = 0.9575). Observing this 
degree of linearity in a heterogeneous system like a hydrogel is remarkable. The interactions of the 
porphyrin with the protein fibres enhance non-specific quenching of the excited state, inherently 
lowering the efficiency of quenching by molecular oxygen: verifying good linearity of the Stern-Volmer 
plot in these conditions is a demonstration of the potential of porphyrin 137 as an optical oxygen 
sensor. For all the porphyrin-hydrogel combinations showing oxygen-dependent fluorescence, the 
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data obtained from the fluorescent measurements at varying oxygen concentration were treated as 
detailed above. In fibroin, species 134 and 136 displayed an equally promising behaviour (Chart 21, 
panels A and B), although the correlation factors are slightly lower. Despite their oxygen-dependent 
fluorescence, derivatives 132, 135 and 138 show rather poor correlation for both their fluorescence 
decay and Stern-Volmer equation (Chart 21, panels C, D and E respectively). These species also display 
a smaller KSV value compared to 137, 134 and 136 (Table 43), indication of lower responsiveness to 
oxygen variations. 
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Chart 21: exponential decay of fluorescence intensity (blue 
circles, right axis) and I0/I values (red circles, left axis) versus 
oxygen concentration for compound 134 (panel A), 136 
(panel B), 132 (panel C), 135 (panel D) and 138 (panel E) in 
fibroin hydrogel at 298 K 
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In collagen hydrogel except for anionic derivatives 134 and 135 the linearity of response is lost (Chart 
22 panels A and B). These two species show an exponential fluorescence decay and a linear Stern-
Volmer plot with relatively high KSV values (Table 44), indicating a rather good responsiveness to 
oxygen concentration changes. Derivative 136 maintains some linearity of response, but species 138 
and 137 show poor correlation (Chart 22, panels C, D and E respectively). The small standard deviation 
associated to most of the experiments indicate a reliable experimental setting. 
Table 43 reports the KSV values for the porphyrins complexes in fibroin hydrogels, expressed in M-1 s-1 
(see Equation 2 and Equation 3). Complex 137 shows the greatest KSV value and, therefore, the highest 
sensitivity among the oxygen sensors studied here. Its intense fluorescence emission makes it suitable 
for applications in which only limited amount of complex can be used. 
Complex Charge 
max  
(nm) 
KSV  
(M-1 s-1) 
(±) R2 I0/Imin 
Platinum complexes 
137 - 650 5.73·105 0.38·105 0.9575 3.37 
134 - 670 4.30·105 0.33·105 0.9460 2.68 
132 + 670 1.52·105 0.35·105 0.6483 1.79 
Palladium complexes 
135 - 700 1.49·105 0.37·105 0.6160 1.57 
138 - 680 1.34·105 0.56·105 0.3666 1.54 
136 + 675 4.63·105 0.30·105 0.9598 2.71 
Table 43: max, KSV, R2, I0/Imin for fibroin-supported dyes  
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Table 44 shows the KSV values for oxygen concentrations expressed in molarity. Platinum and 
palladium complexes of porphyrin 73 (complexes 132 and 133) showed non-linear Stern-Volmer plots, 
therefore the corresponding values of KSV are not given in Table 44. Complex 137 showed the lowest 
KSV value, while the highest KSV value was shown by anionic platinum complex 134. 
Complex Charge 
max  
(nm) 
KSV  
(M-1 s-1) 
(±) R2 I0/Imin 
Pt complexes 
137 - 650 1.61·105 0.46·105 0.5546 1.79 
134 - 670 6.63·105 0.58·105 0.9298 3.42 
Pd complexes 
135 - 705 5.28·105 0.42·105 0.9341 2.97 
138 - 680 2.19·105 0.49·105 0.6634 1.71 
136 + 675 3.56·105 0.48·105 0.8439 2.28 
Table 44: max, Ksw, R2, I0/Imin for collagen-supported dyes 
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Chart 22: exponential decay of fluorescence intensity 
(blue circles, right axis) and I0/I values (red circles, left 
axis) versus oxygen concentration for compound 134 
(panel A), 135 (panel B), 136 (panel C), 138 (panel D) and 
137 (panel E) in collagen hydrogel at 298 K 
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4.3 Oxygen-sensing protein hydrogels conclusions 
The water-soluble porphyrins synthesised were tested for the oxygen response in aqueous solution 
and in hydrogels made of fibroin and collagen. Platinum complex 137 showed 25 times stronger 
fluorescence emission compared to its palladium analogue, and a linear Stern-Volmer plot in aqueous 
solution. To obtain hydrogels containing porphyrins, conjugations were carried out with the N-
hydroxysuccinimide esters of the porphyrin derivatives on the proteins in solution. Moreover, to 
measure the oxygen response of the species supported on hydrogels, a new experimental set-up was 
developed. 
Most of the porphyrins showed an oxygen-dependent fluorescence in hydrogels. In fibroin hydrogel, 
this was the case for all the dyes except complex 133, for which the curves at different oxygen 
concentrations overlapped. The oxygen responsiveness of porphyrins in collagen was less evident than 
in fibroin, making the species less suitable for oxygen sensing in this system. Cationic platinum and 
palladium complexes 132 and 133 and anionic complex 137, in particular, showed no oxygen-
dependent fluorescence. This unexpected behaviour can be ascribed to three factors: the lower 
concentration of porphyrin in collagen hydrogel, the possible stronger interactions of the dyes with 
the collagen fibres, and the hypothetical presence of aggregates in the gel. The small standard 
deviations associated with most of the measurements are an indication of the reliability of the new 
experimental set-up developed to measure the oxygen-dependence in hydrogels.  
Overall, the platinum complexes showed a stronger fluorescence emission than the corresponding 
palladium analogues both in hydrogels and in solution, and this behaviour was more pronounced at 
low oxygen concentrations. Palladium complexes showed oxygen-dependent fluorescence, but the 
emission was generally low, hampering quantitative measurements. In addition, anionic complexes 
generally showed stronger fluorescence emission compared to the cationic derivatives. 
A number of derivatives showed exponential decay of fluorescence with increasing concentration of 
oxygen and a linear Stern-Volmer plot. These species would be amenable to use for quantitative 
determination of oxygen concentration in systems based on hydrogels (e.g., 3D cell cultures).  
The novel anionic water-soluble platinum complex 137 showed favourable oxygen sensing behaviour 
both in aqueous solution and conjugated in fibroin hydrogel. The presence of the sulphonate groups 
ensure the water solubility of this species, and its synthesis is applicable to gram scale. Its strong 
fluorescence emission, on the other hand, potentially allows oxygen sensing to be performed using 
relatively low concentration of the fluorophore. 
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5 General conclusions 
Oxygen is an important and vital molecule for life as we know it, therefore, its accurate measurement 
is pivotal to better understand the mechanisms behind cell behaviour.  
The aim of the project was to build a library of porphyrins for optical oxygen sensing applications in 
the biomedical field. For these applications, the porphyrins must be (1) platinum or palladium complex 
to display oxygen responsiveness, (2) water-soluble and (3) provided with a functional group to allow 
conjugation to biomacromolecules. We first focused our attention on the synthesis of tetra meso-
substituted porphyrins bearing the conjugatable moiety on one of the beta-positions of the 
macrocycle. The synthesis entailed the nitration of the porphyrin and subsequent Michael addition 
with alkyl-acetoacetate, followed by retro-Claisen degradation and hydrolysis. This synthetic approach 
was overall successful and led to the formation of the desired derivatives, but the conjugatable side-
chain was too labile to withstand the conditions required to introduce the metal in the macrocycles. 
For some porphyrins a decarboxylation reaction occurred, while in other cases a complete cleavage 
of the side-chain was observed. 
The focus was then redirected to the synthesis of porphyrin A3B, bearing the conjugable moiety on 
one of the meso-substituted aryl ring. These species are synthesised in generally lower yields, but they 
allow to obtain a porphyrin with a conjugatable function in one step. Porphyrin 99 served as starting 
material to obtain two novel water-soluble derivatives, one positively and one negatively charged. The 
new species were obtained in overall good yields employing relatively mild reaction conditions, and 
could be synthesised on gram-scale. In addition, the synthetic approach to obtain two known water-
soluble and conjugatable species, one cationic and one anionic, was repeated and improved. This 
process led to develop a highly valuable purification approach for water-soluble species based on ion-
exchange: this method was effective in the purification of different species, thus proving a wide 
applicability. Formation of platinum (II) and palladium (II) complexes was performed to impart the 
oxygen-sensing properties to the porphyrins. MW irradiation guaranteed good yield and fast reaction 
times for the synthesis of several complexes. The conjugation of the porphyrins to the proteins chosen 
as matrices for hydrogels (silk fibroin and collagen) was performed via NHS-mediated chemistry.  
Oxygen response of the new complexes was tested both in aqueous solution and in hydrogels of 
fibroin and collagen. The majority of the porphyrins maintained oxygen-dependent fluorescence in 
the hydrogels, and that in several cases translated in a linear Stern-Volmer plot, indicating the 
suitability of the new species to monitor the oxygen tension in a heterogeneous system such as a 
hydrogel. To the best of our knowledge, this work represents the first example of optical oxygen 
measurements in silk fibroin hydrogels.  
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6 Expanding the conjugations: different applications for porphyrins 
Duramycin 
Duramycin, a 19 amino acids tetracyclic peptide333,334 produced by the bacterium Streptoverticillium 
cinnamoneus,335 is a selective molecular probe for cancer cells targeting and imaging336 thanks to its 
selective binding with membrane phospholipid phosphatidylethanolamine 337 overexpressed in cancer 
cells. If duramycin is conjugated with a photosensitizer it can increase the selectivity of photodynamic 
agents for the target cancer cells.338  
The conjugate was obtained by reaction of 139 and duramycin in DMSO, as shown in Scheme 46. The 
active ester on the porphyrin reacted with a terminal primary amine present on duramycin B (red 
circle in Scheme 46) forming the desired conjugate. The conjugation of the porphyrin to the terminal 
amine does not prevent the binding of duramycin B with the membrane phospholipid 
phosphatidylethanolamine present on the cancer cell surface. 
 
Scheme 46: conjugation reaction between duramycin B and 4PyNHS 
The reaction was monitored by HPLC-MS (Figure 103, upper part) and the desired conjugate 140 was 
isolated by semi-preparative HPLC. The retention time of conjugate 140 was detected at 5.70 minutes 
\ 
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(blue circle, upper part of Figure 103), while the retention time of duramycin B was detected at 6.39 
minutes (green circle, upper part of Figure 103). The peak at 5.18 minutes (purple circle, upper part 
of Figure 103) is relative to porphyrin 140. 
 
Figure 103: LC-MS trace (above) and ESI mass spectrum at 5.70 minutes (below) of conjugate 140 
Table 45 shows the m/z for the molecular ions calculated and found for the conjugate. Four peaks 
were identified in the MS spectrum, all of which were assigned to multiple-charged ions (Figure 103, 
lower part). The single-charge species was not visible in the spectrum, but the double-charge 
molecular ion was detected at 1348.19, the triple- and the quadruple-charge ions at 899.49 and 674.62 
respectively, and a five-charge molecular ion peak at 539.90, as summarized in Table 45. 
Mass Conjugate 139 Calculated Found 
M 2700.13 - 
[M – H – 3Cl]2+/2 1349.57 1348.19 
[M – 3Cl]3+/3 900.04 899.49 
[M + H – 3Cl]4+/4 675.28 674.62 
[M + 2H – 3Cl]5+/5 540.43 539.90 
Table 45: m/z for the molecular ions calculated and detected for conjugate 140 
The conjugate porphyrin-duramycin was then purified through a semi-preparative HPLC, and the 
fractions collected have been sent to Hull University to perform the biological tests. It was shown that 
doubly-charged 
triply-charged tetra-charged penta-charged 
181 
 
the duramycin-porphyrin conjugate preserved the binding affinity for its target and, after irradiation, 
inhibited cell proliferation of pancreatic and ovarian cancer cell lines.338 
Deferoxamine 
Deferoxamine B is a naturally occurring tris-hydroxamic acid obtained by a metabolite of 
Actinomycetes (Streptomyces pilosus)339 and employed as iron complexing agent.340 Deferoxamine B 
is particularly useful in medicine to treat iron poisoning, facilitating its elimination through the urine. 
Deferoxamine B, after deprotonation of the three hydroxamic groups, chelates a ferric ion as showed 
in Scheme 47, forming a complex called Ferrioxamine B.341  
 
Scheme 47: complexation of deferoxamine with Iron (III) ion 
Iron (III) complexes, due to their paramagnetic properties, are able to quench the singlet excited state 
of a porphyrin nearby in solution.342 The intensity of the fluorescence emission of the porphyrin 
decreases on increasing the amount of iron(III) complex. The iron complex acts as a quencher (like the 
oxygen) of the porphyrin excited state, resulting in a decrease of the fluorescence intensity.  
The idea was to build an iron (III) sensor combining the chelation properties of deferoxamine B with 
the photophysical properties of a metal porphyrin. The two molecules were covalently linked without 
employing a spacer to insure a short distance suitable for the quenching. The sensor would be able to 
determine the quantity of iron (III) in the environment through spectroscopic measurements. The 
complexation of a ferric ion by deferoxamine B results in a paramagnetic species capable of quenching 
the fluorescence emission of the metal porphyrin, after irradiation of the latter at the wavelength of 
the Soret band.  
The iron(III) sensor was built conjugating deferoxamine with porphyrin 127, previously synthesised, as 
shown in Scheme 48. It was decided to employ the indium (III) complex because it showed intense 
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fluorescence emission compared to the other metal complexes of porphyrin 73, hence it could serve 
as an ideal platform for a highly sensitive iron sensor. The conjugate was obtained via NHS-mediated 
chemistry. The NHS activated ester was generated in situ by treating the porphyrin with NHS and EDC 
hydrochloride in water at 40 °C prior to exposure to deferoxamine. The desired conjugate was isolated 
by precipitation from water as the hexafluorophosphate salt, and subsequent ion-exchange with TBAC 
to afford the corresponding chloride. 
 
Scheme 48: conjugation between complex 127 and deferoxamine B 
NMR spectra are shown below. Figure 104 contains 1H-NMR spectrum of the mesylate salt of 
deferoxamine acquired in D2O. Due to fast exchange of hydrogens from the amine and hydroxyl 
functionalities with the deuterated solvent, those do not appear in the spectrum. The hydrogen count, 
not considering the exchangeable protons, is 44H, matching well with the integral value on Figure 104, 
and with the literature data.340   
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Figure 104: 1H-NMR spectrum of deferoxamine B mesylate salt in D2O at 298 K 
Figure 105 shows the 1H-NMR spectrum of the conjugate 141 in DMSO-d6. Signals from the beta and 
pyridyl hydrogens are present as multiplets in the range between 8.99 and 9.54 ppm, while the signals 
detected in the aliphatic region are relative to the deferoxamine part of the conjugate. The hydrogens 
in ortho to the pyridyl nitrogens (HPy-o) appear as a singlet at 9.54 ppm, while multiplets in the 8.99-
9.28 ppm range are due to remaining hydrogens in the pyridyl rings (HPy-m) and the beta hydrogens 
(H). The singlet at 4.72 ppm, whit the integration value of 9H, can be assigned to the three methyl 
groups (N+CH3). In this case, the four hydrogens of the phenyl ring appear as a multiplet in the 7.81-
8.59 ppm range (HAr-o + HAr-m), with an integration value of 6H. It is unclear whether two hydrogens 
from the deferoxamine moiety are downfield-shifted or the integral value is altered by the presence 
of impurities. The count of the hydrogens in the aliphatic part, where the signals are generated by the 
deferoxamine portion of the conjugate, is 40H, matching well with the proposed structure in Scheme 
48.  
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Figure 105: 1H-NMR spectrum of conjugate 141 in DMSO-d6 at 298 K 
Hydrogen-carbon 2D NMR correlations, showed in Figure 106, Figure 107 and Figure 108 allow us to 
assign few carbon signals to the relative hydrogens. DEPT-edited 1H,13C-HSQC spectrum, showed in 
Figure 106, highlights the presence of several CH2 groups (blue dots) in the aliphatic region that can 
be assigned to the CH2 groups present in the carbon chains of deferoxamine. 1H (1.96 ppm) and 13C 
(20.37 ppm) signals of the terminal methyl group of the deferoxamine chain are shown as a red dot 
(green circle top right Figure 106). The carbon relative to the methyl groups (N+CH3) resonates at 47.78 
ppm (red circle of Figure 106). In the aromatic region, a very intense correlation is evident between 
the pyridyl and the beta hydrogens of the porphyrin and respective carbon signals. Figure 108 contains 
the previous DEPT-edited 1H,13C-HSQC correlation where decoupled 13C spectrum is used as an 
external projection.  
N+CH3 
HPy-o H + HPy-m 
HAr-o + HAr-m 
185 
 
 
Figure 106: DEPT-edited (135°) 1H,13C-HSQC of conjugate 141 in DMSO-d6 at 298 K, blue dots CH2 up, red dots CH/CH3 down 
1H,13C-HMBC correlation, showed in Figure 107, revealed four correlations between the low-field 
carbon signals of carbonyl groups with three aliphatic hydrogens assignable to deferoxamine (red oval 
of Figure 107) and one signal at 7.81 ppm, relative to the phenyl hydrogens (HAr-o + HAr-m) (blue circle 
of Figure 107). This is a further evidence which confirms that the multiplet between 7.81 ppm and 
8.59 ppm is assignable to the four hydrogens of the phenyl ring, from which deferoxamine is 
connected.  
 
N+CH3 
HPy-o 
H + HPy-m 
HAr-o + HAr-m 
N+CH3 
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Figure 107: 1H,13C-HMBC of conjugate 141 in DMSO-d6 at 298 K 
 
Figure 108: DEPT-edited (135°) 1H,13C-HSQC using 13C{1H} as external projection for conjugate 141 in DMSO-d6 at 298 K, blue 
dots CH2, red dots CH/CH3 
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EXPERIMENTAL 
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Reagents were purchased from Fluorochem, Sigma Aldrich, Fischer Scientific or Tokyo Chemical 
Industries, and were used as received unless otherwise specified. All solvents, either analytical or HPLC 
grade, were purchased from Fisher Scientific and used as received, unless otherwise specified. TLC 
analysis was performed using Fluorochem Silica Gel 60 Å, 20 X 20 cm, F254 plates. Silica gel 
chromatography was performed employing silica gel 60 Å purchased from Fluorochem. Melting points 
were recorded on a Stuart SMP10. UV-Vis analyses were performed on a Thermo Nicolet Evolution 
300. Mass spectrometer analyses were performed on a Waters Micromass LCT equipped with an 
electrospray ionization (ESI) source and time of flight (ToF) detector. HPLC analyses were performed 
on a Waters separations module 2695. The separations were performed on a Gemini C18, 5 m, 150 
x 4.6 mm, 110 Å (Phenomenex, UK) at a flow rate of 0.8 mL·min-1. Two methods were employed 
depending on the nature of the compound. Method A: the mobile phase consisted of 0.1% FA in water 
(solvent A) and 0.1% FA in acetonitrile (solvent B). Gradient: 0.0-10.0 min, 0-95% B; 10.0-15.0 min, 
95% B; 15.0-16.0 min, 95-5% B; 16.0-18.0 min, 5% B. Method B: the mobile phase consisted of 0.1M 
ammonium acetate (NH4OAc) in water (solvent A), and 0.1M ammonium acetate (NH4OAc) in 1:1 
acetonitrile-water (solvent B). Gradient: 0.0-10.0 min, 0-95% B; 10.0-15.0 min, 95% B; 15.0-16.0 min, 
95-5% B; 16.0-18.0 min, 5% B.  NMR analyses were performed employing either a Bruker 300 MHz 
(operating at 300.18 MHz for 1H and 75.48 MHz for 13C) or a Bruker 600 MHz (operating at 600.31 MHz 
for 1H, 150.95 MHz for 13C and 564.86 MHz for 19F) NMR spectrometers. CDCl3, DMSO-d6, CD3OD and 
D2O were purchased either from Sigma-Aldrich or Fluorochem. CDCl3, CD3OD and D2O were employed 
as received, DMSO-d6 was dried over 3 Å molecular sieves and stored under argon. Chemical shifts are 
reported in ppm, referenced to either CHCl3 (1H, 7.26 ppm; 13C, 77.16 ppm), DMSO (1H, 2.50 ppm; 13C, 
39.52 ppm), MeOH (1H, 3.31 ppm; 13C 49.00 ppm) or D2O (1H, 4.79 ppm). Coupling constants (J) are 
reported in Hertz (Hz) and significant multiplicities are described by singlet (s), doublet (d), triplet (t), 
quartet (q), doublet of doublets (dd), doublet of triplets (dt), triplet of boublets (td), multiplet (m) or 
broad (br).  Metal insertion, where specified, were performed employing microwave heating on a CEM 
microwave oven Discover SP®. Dialysis tubing was purchased from Sigma Aldrich, and it was made of 
cellulose with MWCO= 14’000 (14 kD). Fluorescence analyses in solution were performed employing 
a Varian Cary Eclipse Fluorescence Spectrometer. Fluorescence analyses on solid support were 
performed employing a Tecan Spark 10M microplates reader. 
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Synthesis of [5,10,15,20-tetrakis(4-methyl-pyridinium)porphyrin] tetrachloride (51) 
 
Tetra-(4-pyridine)porphyrin (500 mg, 0.61 mmol) was dissolved in water (80 mL) in a 250-mL round 
bottom flask sealed with a rubber septum. Methyl iodide (3.4 mL, 61 mmol) was added to the solution 
while stirring. The resulting mixture was heated to 40 °C and left under stirring overnight. Once the 
solution was cooled down to room temperature, it was diluted with water (120 mL) and treated with 
sodium hexafluorophosphate, to induce precipitation of the title compound. The resulting suspension 
was centrifuged and the precipitate was re-dissolved in acetone (160 mL). The resulting mixture was 
treated with 10 % TBAC in acetone, leading to flocculation of the title compound, successively 
centrifuged and collected after further crystallisation from methanol–diethyl ether. (51) (438 mg, 0.54 
mmol, 89 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 9.54 (br s, 6H, Py-Hm), 9.19 (br s, 8H, + -H), 9.01 (br s, 
8H, Py-Ho), 4.75 (s, 12H, NCH3), -3.10 (s, 2H, NHint) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 156.2, 144.3, 132.1, 117.3, 115.8, 107.0, 47.8 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 424; Q bands, 521, 558, 590, 645; Log 424: 5.38 
ESI-MS (+ve) (m/z): 169.25 [M –  4Cl]4+/4; 338.50 [M – 2H – 4Cl]2+/2; 676.99 [M – 3H – 4Cl]+ 
HPLC (method A), tR: 1.24 min 
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Synthesis of 5,10,15,20-tetrakis(4-pyridyl)porphyrin (51’) 
 
4-pyridinecarboxaldehyde (13 mL, 138 mmol) was dissolved in propionic acid (220 mL) in a 500-mL 3 
necks round bottom flask. The resulting mixture was heated to 70 °C under stirring. Pyrrole (10 mL, 
144 mmol) was dissolved in 30 mL of propionic acid and added drop-wise to the solution in a 30 
minutes time. The resulting mixture was heated to reflux for 1 hour protected from light. Once the 
solution was cooled down to room temperature, the solvent was removed under reduced pressure 
and the crude mixture was dissolved in CH2Cl2 and filtrated on silica gel. The solvent was then 
evaporated under reduced pressure and the crude product was isolated by re-crystallisation from 
CH2Cl2/methanol, yielding a purple crystalline solid (2.78 g, 4.50 mmol, 13 %). 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 8.92 (d, 8H, J=4.8 Hz, Py-H3,5), 8.79 (br s, 8H, -H), 8.13 (d, 
8H, Py-H2,6), -3.02 (br s, 2H, NHint) 
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 142.4, 134.7, 131.4, 127.9, 126.8, 120.3 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 418; Q bands, 515, 548, 592, 645; Log 418: 5.26  
ESI-MS (+ve) (m/z): 619.57 [M+H]+ 
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Synthesis of [5,10,15,20-tetrakis(4-methyl-pyridinium)porphyrin] palladium (II) tetrachloride (53) 
 
Compound 51 (139 mg, 0.17 mmol) was dissolved in water (40 mL) in a 100-mL round bottom flask. 
Palladium acetate (190 mg, 0.85 mmol) was added to the solution while stirring. The resulting mixture 
was heated to reflux overnight. Once the solution was cooled down to room temperature, it was 
diluted with water (120 mL) and treated with sodium hexafluorophosphate, to induce precipitation of 
the title compound. The resulting suspension was centrifuged and the precipitate was re-dissolved in 
acetone (40 mL). The resulting mixture was treated with 10 % TBAC in acetone, leading to flocculation 
of the title compound, successively centrifuged and collected after further crystallisation from 
methanol–diethyl ether. (53) (144 mg, 0.16 mmol, 95 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 9.51 (br s, 6H, J=6.6Hz, Py-Hm), 9.13 (br s, 8H, -H), 8.97 
(br s, 8H, J= 6.6Hz, Py-Ho), 4.73 (s, 12H, NCH3) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 155.7, 144.4, 140.1, 132.5, 131.8, 117.5, 107.0, 47.7  
UV-Vis (H2O, nm) max: Soret, 419; Q bands, 528, 563: Log 419: 5.22 
ESI-MS (+ve) (m/z): 195.50 [M –  4Cl]4+/4; 260.34 [M – H –  4Cl]3+/3; 390.01 [M – 2H – 4Cl]2+/2; 
781.02 [M – 3H – 4Cl]+ 
HPLC (method A), tR: 1.21 min 
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Synthesis of [5-(4-carboxyphenyl)-10,15,20-tris(4-methyl-pyridinium)porphyrin] trichloride (73) 
 
Compound 100 (500 mg, 0.61 mmol) was dissolved in water (80 mL) in a 250-mL round bottom flask. 
Lithium hydroxide (256 mg, 6.1 mmol) was added to the solution while stirring. The resulting mixture 
was heated to 40 °C and left under stirring for 1 hour. Once the solution was cooled down to room 
temperature, it was diluted with water (120 mL) and treated with sodium hexafluorophosphate, to 
induce precipitation of the title compound. The resulting suspension was centrifuged and the 
precipitate was re-dissolved in acetone (40 mL). The resulting mixture was treated with 10 % TBAC in 
acetone, leading to flocculation of the title compound, successively centrifuged and collected after 
further crystallisation from methanol–diethyl ether. (73) (438 mg, 0.54 mmol, 89 %) 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 13.24 (br s, 1H, OH), 9.57 (br s, 6H, Py-Hm), 9.02-9.17 (m, 
14H, Py-Ho + -H), 8.36-8.44 (d, 4H, Ar-Ho + Ar-Hm), 4.76 (s, 9H, NCH3), -3.02 (s, 2H, NHint) 
13C-NMR (75 MHz, DMSO-d6, DEPTQ, 298 K) , ppm: 167.6, 156.5, 144.2, 134.3, 132.1, 128.0, 126.0, 
115.4, 47.8 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 422; Q bands, 520, 558, 584, 640; Log 422: 5.35 
ESI-MS (+ve) (m/z): 235.56 [M –  3Cl]3+/3; 352.85 [M – H – 3Cl]2+/2 
HPLC (method A), tR: 5.32 min 
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Synthesis of [5-(4-carboxyphenyl)-10,15,20-tris(4-methyl-pyridinium)porphyrinato]platinum (II) 
trichloride (74) 
 
Compound 125 (356 mg, 0.75 mmol) was dissolved in DMSO (3 mL) and stirred at room temperature 
for 3 hours. Compound 73 (200 mg, 0.25 mmol), silver nitrate (382 mg, 2.25 mmol, 9 equivalents) and 
water (10 mL) were added to mixture, that was protected from light with tin foil and stirred at room 
temperature for 3 hours. The mixture was subsequently centrifuged and then filtered to remove all 
silver chloride formed. The precipitate was diluted with water (50 mL) and heated to reflux overnight. 
Once the solution was cooled down to room temperature, it was filtered through celite. The filtrate 
was treated with sodium hexafluorophosphate, to induce precipitation of the title compound. The 
resulting suspension was centrifuged and the precipitate was re-dissolved in acetone (40 mL). The 
resulting mixture was treated with 10 % TBAC in acetone, leading to flocculation of the title compound, 
successively centrifuged and collected after further crystallisation from methanol–diethyl ether. (74) 
(234 mg, 0.26 mmol, 93 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 9.52 (m, 6H, Py-Hm), 8.91-9.05 (m, 14H, Py-Ho + -H), 
8.40 (d, 2H, J=7.8 Hz, Ar-Ho), 8.25 (d, 2H, J=7.2 Hz, Ar-Hm), 4.73 (s, 9H, NCH3) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 167.6, 155.7, 155.5, 155.5, 144.5, 140.8, 139.2, 139.2, 
138.9, 133.7, 132.6, 132.0, 131.7, 131.7, 131.4, 128.1, 123.6, 117.8, 117.3, 47.9 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 419; Q bands, 529, 565; Log 419: 5.29 
ESI-MS (+ve) (m/z): 299.70 [M – 3Cl]3+/3; 449.24 [M – H – 3Cl]2+/2; 899.33 [M – 3Cl]+ 
HPLC (method A), tR: 4.91 min 
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Synthesis of [5-(4-carboxyphenyl)-10,15,20-tris(4-methyl-pyridinium)porphyrinato]palladium (II) 
trichloride (75) 
 
Compound 73 (200 mg, 0.25 mmol) was dissolved in NMP (10 mL) in a 100-mL round bottom flask. 
Palladium acetate (160 mg, 0.71 mmol) was dissolved in methanol (5 mL) and added to the solution 
while stirring. The resulting mixture was heated to 50 °C and left under stirring for 1 hour. Once the 
solution was cooled down to room temperature, it was filtered through celite. Diethyl ether (50 mL) 
was added to the filtrate to induce precipitation of the porphyrin, collected by filtration on paper. The 
precipitate was dissolved in water (80 mL) and treated with sodium hexafluorophosphate, to induce 
precipitation of the title compound. The resulting suspension was centrifuged and the precipitate was 
re-dissolved in acetone (40 mL). The resulting mixture was treated with 10 % TBAC in acetone, leading 
to flocculation of the title compound, successively centrifuged and collected after further 
crystallisation from methanol–diethyl ether. (75) (178 mg, 0.22 mmol, 78 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 9.51 (br s, 6H, Py-Hm), 8.99-9.09 (d, 14H, Py-Ho + -H), 
8.31 (br s, 2H, Ar-Ho), 8.12 (br s, 2H, Ar-Hm), 4.72 (s, 9H, NCH3) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 167.7, 156.0, 144.3, 141.7, 139.9, 139.8, 139.5, 133.3, 
133.0, 132.1, 131.9, 131.8, 131.5, 127.8, 117.1, 116.5, 47.8 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 419; Q bands, 529, 565; Log 419: 5.29 
ESI-MS (+ve) (m/z): 270.14 [M – 3Cl]3+/3; 404.68 [M – H – 3Cl]2+/2; 810.41 [M – 3Cl]+ 
HPLC (method A), tR: 5.14 min 
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Synthesis of [5-(4-carboxyphenyl)-10,15,20-tris(4-sulphonatophenyl)porphyrinato] trisodium (76) 
 
Compound 98 (500 mg, 0.76 mmol) was dissolved in chloroform (50 mL) in a 100-mL round bottom 
flask equipped with a rubber septum. Chlorosulphonic acid (12 mL, 130 mmol) was slowly added to 
the solution while stirring with a syringe. The resulting mixture was stirred at room temperature for 1 
hour. Then the solution was cooled down with an ice bath, and a saturated solution of NaHCO3 (150 
mL) was slowly added to the mixture, causing the product to precipitate. After filtration on paper, the 
purple solid was suspended in water (150 mL) in a 250-mL round bottom flask. The solution was 
heated to reflux under stirring overnight. Once the solution was cooled down to room temperature, 
it was treated with compound 103, to induce precipitation of the title compound. The resulting 
suspension was centrifuged and the precipitate was re-dissolved in acetone (120 mL). The resulting 
mixture was treated with sodium hexafluorophosphate, leading to flocculation of the title compound, 
successively centrifuged and collected after further crystallisation from methanol–diethyl ether (76). 
(0.65 g, 0.73 mmol, 96 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 8.84-8.87 (m, 8H, -H), 8.34 (d, 2H, J=7.2 Hz, 5-Ar-H3,5), 
8.19 (d, 6H, J=7.8 Hz, 10,15,20-Ar-H3,5), 8.15 (d, 2H, J=7.8 Hz, 5-Ar-H2,6), 8.07 (d, 6H, J=7.8 Hz, 
10,15,20-Ar-H2,6), -2.90 (br s, 2H, NHint) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 169.9, 147.9, 141.5, 141.3, 139.8, 133.7, 133.5, 127.5, 
124.2, 120.6, 119.7, 119.6 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 416 (shoulder 433); Q bands, 519, 556, 586, 645; Log 416: 5.55  
ESI-MS (-ve) (m/z): 298.35 [M – 3Na]3-/3; 447.99 [M + H – 3Na]2+/2; 897.00 [M + 2H – 3Na]- 
HPLC (method B), tR: 8.43 min 
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Synthesis of [5-(4-carboxyphenyl)-10,15,20-tris(4-sulphonatophenyl)porphyrinato]platinum (II) 
trisodium (77) 
 
Compound 125 (100 mg, 0.21 mmol) was dissolved in DMSO (2 mL) and stirred at room temperature 
for 3 hours. Silver nitrate (72 mg, 0.42 mmol) and water (10 mL) were added to mixture, protected 
from light with tin foil, and stirred at room temperature for 3 hours. The mixture was subsequently 
centrifuged and then filtered to remove all silver chloride formed. The solution was transferred in a 
35-mL microwave vial and compound 76 (100 mg, 0.10 mmol) was then added while stirring. The 
resulting mixture was flushed with argon for 10 minutes and exposed to microwave heating (200 °C, 
300 W, 20 minutes). Once the solution was cooled down to room temperature, it was diluted with 
water (30 mL) and filtered through celite. The filtrate was treated with compound 103, to induce 
precipitation of the title compound. The resulting suspension was centrifuged and the precipitate was 
re-dissolved in acetone (40 mL). The resulting mixture was treated with sodium hexafluorophosphate, 
leading to flocculation of the title compound, successively centrifuged and collected after further 
crystallisation from methanol–diethyl ether (77). (109 mg, 0.9 mmol, 91 %) 
1H-NMR (300 MHz, DMSO-d6, 298 K) , ppm: 11.08 (br s, 1H, COOH), 8.75-8.78 (m, 8H, -H), 8.37 (d, 
2H, J=7.8 Hz, 5-Ar-H2,6), 8.31 (d, 2H, J=7.5 Hz, 5-Ar-H3,5), 8.15 (d, 6H, J= 7.2 Hz, 10,15,20-Ar-H3,5), 8.05 
(d, 6H, J= 7.2 Hz, 10,15,20-Ar-H2,6) 
13C-NMR (75 MHz, DMSO-d6, DEPTQ, 298 K) , ppm: 167.6, 147.8, 144.9, 140.7, 140.3, 140.3, 139.9, 
134.0, 133.3, 131.3, 130.8, 130.0, 128.3, 124.5, 122.2, 121.5 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 399; Q bands, 512, 542; Log 399: 5.17  
ESI-MS (-ve) (m/z): 362.13 [M – 3Na]3-/3; 544.37 [M + H – 3Na]2-/2; 1090.99 [M + 2H – 3Na]- 
HPLC (method B), tR: 8.26 min 
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Synthesis of [5-(4-carboxyphenyl)-10,15,20-tris(4-sulphonatophenyl)porphyrinato]palladium (II) 
trisodium (78) 
 
Compound 76 (100 mg, 0.10 mmol) was dissolved in water (10 mL) in a 35-mL microwave vial. 
Palladium acetate (69 mg, 0.31 mmol) was dissolved in methanol (3 mL) and added to the solution 
while stirring. The resulting mixture was flushed with argon for 10 minutes and exposed to microwave 
heating (150 °C, 250 W, 15 minutes). Once the solution was cooled down to room temperature, it was 
diluted with water (30 mL) and filtered through celite. The filtrate was treated with compound 103, 
to induce precipitation of the title compound. The resulting suspension was centrifuged and the 
precipitate was re-dissolved in acetone (40 mL). The resulting mixture was treated with sodium 
hexafluorophosphate, leading to flocculation of the title compound, successively centrifuged and 
collected after further crystallisation from methanol–diethyl ether (78). (85 mg, 0.080 mmol, 80 %) 
1H-NMR (300 MHz, DMSO-d6, 298 K) , ppm: 13.29 (br s, 1H, COOH), 8.79-8.85 (m, 8H, -H), 8.38 (d, 
2H, J=8.2 Hz, 5-Ar-H2,6), 8.33 (d, 2H, J=8.2 Hz, 5-Ar-H3,5), 8.15 (d, 6H, J=8.1 Hz, 10,15,20-Ar-H3,5), 8.03 
(d, 6H, J=8.1 Hz, 10,15,20-Ar-H2,6) 
13C-NMR (75 MHz, DMSO-d6, DEPTQ, 298 K) , ppm: 167.4, 148.0, 145.2, 140.9, 140.9, 140.8, 140.7, 
140.4, 134.1, 133.3, 131.5, 131.2, 130.6, 128.0, 124.3, 121.7, 121.6, 120.7 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 412; Q bands, 526; Log 412: 5.30  
ESI-MS (-ve) (m/z): 332.60 [M – 3Na]3-/3; 499.39 [M + H – 3Na]2-/2 
HPLC (method B), tR: 8.33 min 
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Synthesis of 5,10,15,20-tetrakis-phenylporphyrin (79a) 
 
Benzaldehyde (15 mL, 147 mmol) was dissolved in propionic acid (220 mL) in a 500-mL 3 necks round 
bottom flask. The resulting mixture was heated to 70 °C under stirring. Pyrrole (10 mL, 144 mmol) was 
dissolved in 30 mL of propionic acid and added drop-wise to the solution over a 30 minutes time. The 
resulting mixture was heated to reflux for 1 hour protected from light. Once the solution was cooled 
down to room temperature, the solvent was removed under reduced pressure and the crude mixture 
was dissolved in CH2Cl2 and filtered on silica gel. The solvent was then evaporated under reduced 
pressure and the crude product was isolated by re-crystallisation from CH2Cl2/methanol, yielding 79a 
as purple crystalline solid (3.15 g, 5.1 mmol, 15 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.88 (s, 8H, -H), 8.24-8.27 (m, 8H, Ar-Ho), 7.76-7.79 (m, 
12H, Ar-Hm + Ar-Hp), -2.71 (s, 2H, NHint) 
13C-NMR (75 MHz, CDCl3, 298 K) , ppm: 148.1, 147.9, 145.8, 142.2, 134.7, 128.6, 128.0, 126.9, 
120.6, 118.5 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 417; Q bands, 515, 550, 590, 647; Log 417: 5.91  
ESI-MS (+ve) (m/z): 615.65 [M+H]+ 
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Adler-Longo synthesis of 5,10,15,20-tetrakis[3,5-bis(trifluoromethyl)phenyl]porphyrin (79b) 
 
3,5-Bis(trifluoromethyl)benzaldehyde (4 mL, 29 mmol) was dissolved in propionic acid (120 mL) in a 
250-mL 3 necks round bottom flask. The resulting mixture was heated to 50 °C under stirring. Pyrrole 
(2 mL, 29 mmol) was dissolved in 10 mL of propionic acid and added drop-wise to the solution in a 30 
minutes time. The resulting mixture was heated to reflux for 1 hour protected from light. Once the 
solution was cooled down to room temperature, the solvent was removed under reduced pressure 
and the crude mixture was dissolved in CH2Cl2 and filtrated on silica gel. The solvent was then 
evaporated under reduced pressure and the crude product was isolated by re-crystallisation from 
CH2Cl2/methanol, yielding 79b as brown solid (1.27 g, 1.1 mmol, 15 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.80 (s, 8H, -H), 8.69 (br s, 8H, Ar-Ho), 8.39 (br s, 4H, Ar-
Hp), -2.86 (s, 2H, NHint) 
13C-NMR (75 MHz, CDCl3, 298 K) , ppm: 144.2, 134.4, 131.5, 131.2, 125.2, 123.6, 123.1, 118.3  
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -62.4 (s, 24F) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 417; Q bands, 512, 545, 587; 642 Log 417: 5.71  
ESI-MS (+ve) (m/z): 1158.63 [M]+, 580.01 [M + 2H]2+/2 
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Lindsey Synthesis of 5,10,15,20-tetrakis[3,5-bis(trifluoromethyl)phenyl]porphyrin (79b) 
 
3,5-Bis(trifluoromethyl)benzaldehyde (1 mL, 6.4 mmol), pyrrole (0.5 mL, 7.2 mmol) were dissolved in 
CH2Cl2 (300 mL) in a 500 mL 3 necks round bottom flask. The resulting mixture was stirred for 30 
minutes under a nitrogen atmosphere. BF3·Et2O (0.3 mL, 2.4 mmol, 30% to aldehyde) was added. The 
resulting mixture was heated to 40 °C for 4 hours protected from light. After this time, chloranil (1.7 
g, 7 mmol) was added to the mixture and the reaction was heated to reflux overnight (15 hours). The 
mixture was allowed to cool down to room temperature, washed with a saturated solution of NaHCO3 
(300 mL) and dried over anhydrous Na2SO4. The organic phase was separated and filtrated on silica 
gel. The solvent was then evaporated under reduced pressure and the crude product was isolated by 
re-crystallisation from CH2Cl2/methanol, yielding 79b as brown solid (0.63 g, 0.55 mmol, 34 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.80 (s, 8H, -H), 8.69 (br s, 8H, Ar-Ho), 8.39 (br s, 4H, Ar-
Hp), -2.86 (s, 2H, NHint) 
13C-NMR (75 MHz, CDCl3, 298 K) , ppm: 144.2, 134.4, 131.5, 131.2, 125.2, 123.6, 123.1, 118.3 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -62.4 (s, 24F) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 417; Q bands, 512, 545, 587; 642 Log 417: 5.71 
ESI-MS (+ve) (m/z): 1158.63 [M]+, 580.01 [M + 2H]2+/2 
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Adler-Longo synthesis of 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (79c) 
 
2,3,4,5,6-pentafluorobenzaldehyde (14 g, 72 mmol) was dissolved in propionic acid (500 mL) in a 1 L 
3 necks round bottom flask. The resulting mixture was heated to reflux under stirring. Pyrrole (5 mL, 
72 mmol) was dissolved in 10 mL of propionic acid and added drop-wise to the solution in a 30 minutes 
time. The resulting mixture was heated to reflux for 1 hour protected from light. Once the solution 
was cooled down to room temperature, the solvent was removed under reduced pressure and the 
crude mixture was dissolved in CH2Cl2 and filtrated on silica gel. The solvent was then evaporated 
under reduced pressure and the crude product was isolated by re-crystallisation from 
CH2Cl2/methanol, yielding 79c as purple crystalline solid (0.63 g, 0.65 mmol, 3.6 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.91 (s, 8H, -H), -2.91 (s, 2H, NHint)  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 147.6, 145.9, 143.4, 141.6, 138.6, 136.9, 131.4, 115.8, 
115.7, 115.6, 103.8 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -136.5 (dd, Jo=7.8 Hz, Jp=24.6 Hz, Fo) -151.2 (t, 4F, Jo=22.2 
Hz, Fp), -161.3 (dt, 8F, Jp=7.8Hz, Jo=24 Hz, Fm) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 410; Q bands, 504, 539, 582; 638 Log 410: 5.40  
ESI-MS (+ve) (m/z): 974.07 [M]+ 
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Lindsey synthesis of 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (79c) 
 
2,3,4,5,6-pentafluorobenzaldehyde (2.5 g, 12.7 mmol) and pyrrole (1.0 mL, 14.4 mmol) were dissolved 
in CH2Cl2 (600 mL) in a 1 L 3 necks round bottom flask. The resulting mixture was stirred for 30 minutes 
under a nitrogen atmosphere. BF3·Et2O (0.5 mL, 4 mmol, 30 % to aldehyde) was added. The resulting 
mixture was heated to 40 °C for 4 hours protected from light. After this time, chloranil (3.5 g, 14 mmol) 
was added to the mixture and the reaction was heated to reflux overnight (15 hours). The mixture was 
allowed to cool down to room temperature, washed with a saturated solution of NaHCO3 (500 mL) 
and dried over anhydrous Na2SO4. The organic phase was separated and filtrated on silica gel. The 
solvent was then evaporated under reduced pressure and the crude product was isolated by re-
crystallisation from CH2Cl2/methanol, yielding 79c as purple crystalline solid (1.17 g, 1.2 mmol, 38 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.91 (s, 8H, -H), -2.91 (s, 2H, NHint)  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 147.6, 145.9, 143.4, 141.6, 138.6, 136.9, 131.4, 115.8, 
115.7, 115.6, 103.8 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -136.5 (dd, Jo=7.8 Hz, Jp=24.6 Hz, Fo) -151.2 (t, 4F, Jo=22.2 
Hz, Fp), -161.3 (dt, 8F, Jp=7.8Hz, Jo=24 Hz, Fm) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 410; Q bands, 504, 539, 582; 638 Log 410: 5.40  
ESI-MS (+ve) (m/z): 974.07 [M]+ 
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Synthesis of 5,10,15,20-tetrakis(3-methoxyphenyl)porphyrin (79d) 
 
3-methoxybenzaldehyde (8.8 mL, 72 mmol) was dissolved in propionic acid (500 mL) in a 1 L 3 necks 
round bottom flask. The resulting mixture was heated to reflux under stirring. Pyrrole (5 mL, 72 mmol) 
was dissolved in 10 mL of propionic acid and added drop-wise to the solution in a 30 minutes time. 
The resulting mixture was heated to reflux for 1 hour protected from light. Once the solution was 
cooled down to room temperature, the solvent was removed under reduced pressure and the crude 
mixture was dissolved in CH2Cl2 and filtrated on silica gel. The solvent was then evaporated under 
reduced pressure and the crude product was isolated by re-crystallisation from CH2Cl2/methanol, 
yielding 79d as purple crystalline solid (1.85 g, 2.5 mmol, 14 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.90 (s, 8H, -H), 7.80-7.84 (br m, 8H, Ar-Ho), 7.65 (t, 4H, 
J=9.0 Hz, Ar-Hp), 7.32-7.36 (dd, 4H, Ar-Hm), 3.99 (s, 12H, OCH3), -2.77 (s, 2H, NHint)  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 158.1, 143.6, 131.1, 127.8, 127.6, 120.6, 120.0, 113.7, 55.7 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 422; Q bands, 515, 549, 591, 647; Log 422: 5.59 
ESI-MS (+ve) (m/z): 735.29 [M+H]+ 
 
 
 
 
 
 
 
204 
 
Synthesis of 5,10,15,20-tetrakis(3,5-dimethoxyphenyl)porphyrin (79e) 
 
3,5-dimethoxybenzaldehyde (12 g, 72 mmol) was dissolved in propionic acid (500 mL) in a 1 L 3 necks 
round bottom flask. The resulting mixture was heated to reflux under stirring. Pyrrole (5 mL, 72 mmol) 
was dissolved in 10 mL of propionic acid and added drop-wise to the solution in a 30 minutes time. 
The resulting mixture was heated to reflux for 1 hour protected from light. Once the solution was 
cooled down to room temperature, the solvent was removed under reduced pressure and the crude 
mixture was dissolved in CH2Cl2 and filtrated on silica gel. The solvent was then evaporated under 
reduced pressure and the crude product was isolated by re-crystallisation from CH2Cl2/methanol, 
yielding 79e as purple crystalline solid (2.08 g, 2.4 mmol, 14 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.94 (s, 8H, -H), 7.40-7.41 (d, 8H, 4J=2.4 Hz, Ar-Ho), 6.90 (t, 
4H, 4J=2.4 Hz, Ar-Hp), 3.96 (s, 24H, OCH3), -2.82 (s, 2H, NHint),  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 159.0 144.2, 131.1, 120.0, 114.0, 100.3, 55.8  
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 421; Q bands, 514, 549, 589, 645; Log 421: 5.61 
ESI-MS (+ve) (m/z): 855.32 [M+H]+ 
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Synthesis of 5,10,15,20-tetrakis(3-pyridyl)porphyrin (79f) 
 
3-pyridinecarboxaldehyde (13 mL, 138 mmol) was dissolved in propionic acid (220 mL) in a 500-mL 3 
necks round bottom flask. The resulting mixture was heated to 70 °C under stirring. Pyrrole (10 mL, 
144 mmol) was dissolved in 30 mL of propionic acid and added drop-wise to the solution in a 30 
minutes time. The resulting mixture was heated to reflux for 1 hour protected from light. Once the 
solution was cooled down to room temperature, the solvent was removed under reduced pressure 
and the crude mixture was dissolved in CH2Cl2 and filtrated on silica gel. The solvent was then 
evaporated under reduced pressure and the crude product was isolated by re-crystallisation from 
CH2Cl2/methanol, yielding 79f as purple crystalline solid (2.61 g, 4.22 mmol, 12 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 9.50-9.51 (br d, 4H, 4J2-6=1.5 Hz, Py-H2), 9.07-9.09 (dd, 4H, 
3J5-6=5.1 Hz, 4J2-6=1.5 Hz, Py-H6), 8.91 (s, 8H, -H), 8.55-8.58 (d, 4H, 3J4-5=7.8 Hz, Py-H4), 7.76-7.80 (dd, 
4H, 3J4-5=7.8 Hz, 3J5-6=5.1 Hz, Py-H5), -2.75 (s, 2H, NHint)  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 153.7, 149.5, 141.1, 137.8, 131.5, 122.2, 116.9  
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 418; Q bands, 515, 550, 590, 647; Log 418: 6.93  
ESI-MS (+ve) (m/z): 619.57 [M+H]+ 
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Synthesis of [2-nitro-5,10,15,20-tetrakis-phenylporphyrinato]copper (II) (80a) 
 
Compound 79a (500 mg, 0.81 mmol) was dissolved in CHCl3 (500 mL) in a 1 L round bottom flask. 
Cu(NO3)2·3H2O (500 mg, 2.07 mmol) was dissolved in acetic anhydride (20 mL) and added to the 
mixture, together with acetic acid (2 mL, 0.035 mmol). The solution was then stirred at room 
temperature, and the reaction was monitored with TLC. The reaction was stopped as soon as traces 
of di-nitrated product were detected, after 5 hours of stirring. A saturated solution of NaHCO3 (500 
mL) was then added to the mixture. The organic phase was separated, washed with water, and dried 
over anhydrous Na2SO4. The solvent was then removed under reduced pressure and the desired 
product was isolated by flash chromatography (silica, eluent: CH2Cl2-hexane 4:6). The solid was then 
re-crystallised form CH2Cl2/hexane as a crystalline dark purplish solid (80a) (0.52 g, 0.72 mmol, 89 %). 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 420; Q bands, 545, 590; Log 420: 5.25  
ESI-MS (+ve) (m/z): 721.26 [M+H]+ 
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Synthesis of 2-nitro-5,10,15,20-tetrakis-phenylporphyrin (80a’) 
 
Compound 80a (100 mg, 0.14 mmol) was dissolved in TFA (5 mL) in a 50-mL round bottom flask, and 
then H2SO4 (500 l) was added. The solution was stirred for 1hour at room temperature. Then the 
solution was cooled down with an ice bath, and a saturated solution of NaHCO3 (150 mL) was slowly 
added to the mixture, causing the product to precipitate. After filtration on paper, the purple solid 
was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The solvent was then 
removed under reduced pressure and the crude product was isolated by re-crystallisation from 
CH2Cl2/methanol, yielding a black crystalline solid (86 mg, 0.13 mmol, 93 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.93-9.10 (m, 5H, -H), 8.76 (s, 2H, -H), 8.24-8.31 (m, 8H, 
Ar-Ho), 7.72-7.84 (m, 12H, Ar-Hm + Ar-Hp) -2.56 (s, 2H, NHint) 
13C-NMR (75 MHz, CDCl3, 298 K, DEPTQ) , ppm: 156.7, 156.5, 153.3, 146.2, 142.6, 120.3, 141.8, 
141.5, 141.3, 140.5, 140.4, 139.6, 138.2, 135.6, 135.2 134.9, 134.7, 132.0, 130.1, 129.6, 129.1, 128.7, 
128.6, 128.4, 128.2, 127.2, 127.1, 127.1, 127.0, 123.2, 121.0, 120.8, 120.3 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 427; Q bands: 526, 564, 605, 665; Log 427: 5.80  
ESI-MS (+ve) (m/z): 660.83 [M+H]+ 
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Synthesis of {2-nitro-5,10,15,20-tetrakis[3,5-bis(trifluoromethyl)phenyl]porphyrinato}zinc (II) (80b) 
 
Compound 79b (500 mg, 0.43 mmol) was dissolved in CHCl3 (500 mL) in a 1 L round bottom flask. 
Zn(NO3)2·6H2O (500 mg, 1.68 mmol) was dissolved in acetic anhydride (20 mL) under sonication and 
added to the mixture, together with acetic acid (2 mL, 0.035 mmol). The solution was then stirred at 
room temperature, and the reaction was monitored with TLC (CH2Cl2:hexane 1:1). The reaction was 
stopped as soon as traces of di-nitrated product were detected, after 1 hour and 15 minutes of stirring. 
A saturated solution of NaHCO3 (350 mL) was then added to the mixture. The organic phase was 
separated, washed with water, and dried over anhydrous Na2SO4. The solvent was then removed 
under reduced pressure and the desired product was isolated by flash chromatography (silica, eluent: 
CH2Cl2-hexane 4:6, then 1:1, then pure CH2Cl2). The solid was then re-crystallised form CH2Cl2/hexane 
as a crystalline green solid (80b) (0.47 g, 0.37 mmol, 86 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 9.11 (s, 1H, -H), 8.83-8.90 (m, 6H, -H), 8.66 (br s, 6H, Ar-
Ho), 8.63 (br s, 2H, Ar-Ho), 8.41 (br s, 1H, Ar-Hp), 8.39 (br s, 2H, Ar-Hp), 8.32 (br s, 1H, Ar-Hp) 
13C-NMR (75 MHz, CDCl3, 298 K) , ppm: 134.3, 133.7, 133.6, 133.5, 133.4, 133.2, 133.1, 133.0, 
128.3, 122.8, 122.6, 122.4  
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -62.2 (s, 6F), -62.3 (br s, 12F), -62.5 (s, 6F)  
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 430; Q bands, 559, 605 Log 430: 5.11 
ESI-MS (+ve) (m/z): 1265.54 [M]+ 
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Synthesis of [2-nitro-5,10,15,20-tetrakis(pentafluorophenyl)porphyrinato]zinc (II) (80c)  
 
Compound 79c (500 mg, 0.51 mmol) was dissolved in CHCl3 (500 mL) in a 1 L round bottom flask. 
Zn(NO3)2·6H2O (500 mg, 1.68 mmol) was dissolved in acetic anhydride (20 mL) under sonication and 
added to the mixture, together with acetic acid (2 mL, 0.035 mmol). The solution was then stirred at 
room temperature, and the reaction was monitored with TLC. The reaction was stopped as soon as 
traces of di-nitrated product were detected, after 2 hours stirring. A saturated solution of NaHCO3 
(500 mL) was then added to the mixture. The organic phase was separated, washed with water, and 
dried over anhydrous Na2SO4. The solvent was then removed under reduced pressure and the desired 
product was isolated by flash chromatography (silica, eluent: CH2Cl2-hexane 1:1, then 7:3). The solid 
was then re-crystallised form CH2Cl2/hexane as a crystalline green/purplish solid (80c) (0.47 g, 0.43 
mmol, 83 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 9.27 (s, 1H, -H), 8.93-8.99 (m, 6H, -H)  
13C-NMR (75 MHz, CDCl3, 298 K) , ppm: 134.0, 133.3, 133.2, 133.1, 132.5, 127.9 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -136.3 (dd, 2F, Fo), -136.6 (dd, 4F, Fo), -137.3 (dd, 2F, Fo), -
150.1 (t, 1F, Fp),  -150.3 (t, 1F, Fp), -150.9 (t, 2F, Fp), -160.6 (dt, 2F, Fm), -161.0 (dt, 4F, Fm), -161.4 (dt, 
2F, Fm)  
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 422; Q bands, 547, 577; Log 422: 5.60 
ESI-MS (+ve) (m/z): 1081.16 [M+H]+ 
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Synthesis of [2-nitro-5,10,15,20-tetrakis(3-methoxyphenyl)porphyrinato]copper (II) (80d) 
 
Compound 79d (500 mg, 0.68 mmol) was dissolved in CHCl3 (500 mL) in a 1 L round bottom flask. 
Cu(NO3)2·3H2O (500 mg, 2.07 mmol) was dissolved in acetic anhydride (20 mL) and added to the 
mixture, together with acetic acid (2 mL, 0.035 mmol). The solution was then stirred at room 
temperature, and the reaction was monitored with TLC. The reaction was stopped as soon as traces 
of di-nitrated product were detected, after 1 hour stirring. A saturated solution of NaHCO3 (500 mL) 
was then added to the mixture. The organic phase was separated, washed with water, and dried over 
anhydrous Na2SO4. The solvent was then removed under reduced pressure and the desired product 
was isolated by flash chromatography (silica, eluent: CH2Cl2-hexane 1:1 with 2 % Et2O). The solid was 
then re-crystallised form CH2Cl2/methanol as a crystalline purple solid (80d) (0.46 g, 0.55 mmol, 81 %). 
m.p. (°C): 198-200  
UV-Vis (CH2Cl2, nm) max: Soret, 427; Q bands, 551, 597; Log 427: 5.23  
ESI-MS (+ve) (m/z): 841.20 [M+H]+ 
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Synthesis of 2-nitro-5,10,15,20-tetrakis(3-methoxyphenyl)porphyrin (80d’) 
 
Compound 80d (100 mg, 0.12 mmol) was dissolved in TFA (5 mL) in a 50-mL round bottom flask, and 
then H2SO4 (500 l) was added. The solution was stirred for 1 hour at room temperature. Then the 
solution was cooled down with an ice bath, and a saturated solution of NaHCO3 (150 mL) was slowly 
added to the mixture, causing the product to precipitate. After filtration on paper, the purple solid 
was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The solvent was then 
removed under reduced pressure and the crude product was isolated by re-crystallisation from 
CH2Cl2/methanol, yielding a black crystalline solid (82 mg, 0.11 mmol, 88 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 9.10-9.13 (m, 2H, -H), 9.00-9.02 (m, 1H, -H), 8.96-8.97 
(m, 2H, -H), 8.78-8.79 (m, 2H, -H), 7.78-7.89 (m, 8H, Ar-Ho), 7.61-7.69 (m, 4H, Ar-Hp), 7.32-7.37 (m, 
4H, Ar-Hm), 4.01-4.02 (dd, 12H, OCH3), -2.62 (s, 2H, NHint)  
13C-NMR (75 MHz, CDCl3, 298 K, DEPTQ) , ppm: 156.7, 156.7, 153.5, 151.6, 151.1, 150.6, 150.4, 
149.9, 149.7, 149.4, 149.4, 149.3, 143.1, 142.5, 142.4, 142.2, 136.1, 135.6, 135.4, 51.3  
m.p. (°C): 291-293  
UV-Vis (CH2Cl2, nm) max: Soret, 430; Q bands: 526, 602, 662; Log 430: 5.56  
ESI-MS (+ve) (m/z): 780.26 [M+H]+ 
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Synthesis of [2-nitro-5,10,15,20-tetrakis(3,5-dimethoxyphenyl)porphyrinato]copper (II) (80e) 
 
Compound 79c (500 mg, 0.59 mmol) was dissolved in CHCl3 (500 mL) in a 1 L round bottom flask. 
Cu(NO3)2·3H2O (500 mg, 2.07 mmol) was dissolved in acetic anhydride (20 mL) and added to the 
mixture, together with acetic acid (2 mL, 0.035 mmol). The solution was then stirred at room 
temperature, and the reaction was monitored with TLC. The reaction was stopped as soon as traces 
of di-nitrated product were detected, after 5 hours stirring. A saturated solution of NaHCO3 (500 mL) 
was then added to the mixture. The organic phase was separated, washed with water, and dried over 
anhydrous Na2SO4. The solvent was then removed under reduced pressure and the desired product 
was isolated by flash chromatography (silica, eluent: CH2Cl2-hexane 7:3). The solid was then re-
crystallised form CH2Cl2/hexane as a crystalline dark purple solid (80e) (0.51 g, 0.53 mmol, 90 %). 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 427; Q bands, 551, 596; Log 427: 5.15  
ESI-MS (+ve) (m/z): 961.22 [M+H]+ 
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Synthesis of 2-nitro-5,10,15,20-tetrakis(3,5-dimethoxyphenyl)porphyrin (80e’) 
 
Compound 80e (100 mg, 0.10 mmol) was dissolved in TFA (5 mL) in a 50-mL round bottom flask, and 
then H2SO4 (500 l) was added. The solution was stirred for 1hour at room temperature. Then the 
solution was cooled down with an ice bath, and a saturated solution of NaHCO3 (150 mL) was slowly 
added to the mixture, causing the product to precipitate. After filtration on paper, the purple solid 
was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The solvent was then 
removed under reduced pressure and the crude product was isolated by re-crystallisation from 
CH2Cl2/methanol, yielding a black crystalline solid (79 mg, 0.09 mmol, 87 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 9.17-9.19 (m, 2H, -H), 9.04-9.05 (d, 1H, J=3.9 Hz, -H), 
9.00-9.01 (d, 2H, J=4.2 Hz, -H), 8.93 (t, 2H, J=3.6 Hz, -H), 7.46 (d, 2H, J=1.8 Hz, Ar-Ho), 7.39 (dd, 6H, 
J=1.8 Hz, J=3.6 Hz, Ar-Ho), 6.92 (m, 3H, Ar-Hp), 6.89 (t, 1H, J=1.8 Hz, Ar-Hp), 3.99 (dd, 24H, J=2.1 Hz, 
J=3 Hz OCH3), -2.62 (s, 2H, NHint)  
13C-NMR (75 MHz, CDCl3, 298 K) , ppm: 156.5, 156.5, 153.32, 151.4, 151.0, 150.3, 149.7, 136.7, 
135.6, 135.6, 135.4, 122.5, 121.9, 121.7  
m.p. (°C): 291-293  
UV-Vis (CH2Cl2, nm) max: Soret, 434; Q bands: 530, 606, 665; Log 434: 5.38  
ESI-MS (+ve) (m/z): 900.31 [M+H]+ 
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Synthesis of [2-(1-acetyl-1-ethoxycarbonylmethyl)-5,10,15,20-tetrakis-phenylporphyrinato]copper II 
(81a’) 
 
Ethyl acetoacetate (0.88 mL, 6.93 mmol) and K2CO3 (958 mg, 6.93 mmol) were dissolved in a 50-mL 
round bottom flask with DMSO (15 mL), and sonicated for 15 minutes. Compound 80a (500 mg, 0.69 
mmol) was added to the mixture and stirred for 1 hour at room temperature. The mixture was then 
poured in 250 mL of brine solution, causing the product to precipitate. After filtration on paper, the 
purple solid was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The 
solvent was then removed under reduced and the desired product was isolated by flash 
chromatography (silica, eluent: CH2Cl2-hexane 4:6). The solid was then re-crystallised form 
CH2Cl2/methanol as a crystalline dark red solid (0.49 g, 0.61 mmol, 88 %). 
m.p. (°C): 255-258  
UV-Vis (CH2Cl2, nm) max: Soret, 416; Q bands, 539; Log 416: 5.45  
ESI-MS (+ve) (m/z): 803.81 [M]+ 
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Synthesis of 2-(1-acetyl-1-ethoxycarbonylmethyl)-5,10,15,20-tetrakis-phenylporphyrin (81a) 
 
Compound Cu81a (100 mg, 0.125 mmol) was dissolved in TFA (5 mL) in a 50-mL round bottom flask, 
and then H2SO4 (500 l) was added. The solution was stirred for 10 minutes at room temperature. 
Then the solution was cooled down with an ice bath, and a saturated solution of NaHCO3 (150 mL) 
was slowly added to the mixture, causing the product to precipitate. After filtration on paper, the 
purple solid was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The 
solvent was then removed under reduced pressure and the crude product was isolated by re-
crystallisation from CH2Cl2/methanol, yielding a dark purple crystalline solid (81a) (87 mg, 0.117 mmol, 
94 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 12.85 (s, 1H, OH), 8.80-8.87 (m, 4H, -H), 8.76 (d, 1H, -H), 
8.62-8.65 (m, 2H, -H), 8.22 (br s, 6H, Ar-Ho), 8.01 (d, 1H, Ar-Ho), 7.91 (d, 1H, Ar-Ho), 7.56-7.77 (m, 
12H, Ar-Hm + Ar-Hp), 3.92-4.13 (m, 2H, OCH2CH3), 1.80 (s, 3H, CH3), 0.85-0.89 (m, 3H, OCH2CH3), -2.68 
(s, 2H, NHint)  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 173.5, 172.2, 142.7, 142.1, 134.8, 134.8, 132.9, 132.8, 
128.1, 127.9, 127.9, 126.9, 126.8, 126.8, 126.6, 126.5, 120.5, 119.8, 100.8, 60.5, 20.7, 14.1 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 419; Q bands: 517, 559, 591, 646; Log 419: 5.62  
ESI-MS (+ve) (m/z): 742.90 [M]+ 
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Synthesis of {2-(1-acetyl-1-ethoxycarbonylmethyl)-5,10,15,20-tetrakis 
[3,5-bis(trifluoromethyl)phenyl]porphyrinato} zinc (II) (81b) 
 
Methyl acetoacetate (0.45 mL, 4.0 mmol) and K2CO3 (553 mg, 4.0 mmol) were dissolved in a 50-mL 
round bottom flask with DMSO (15 mL), and sonicated for 15 minutes. Compound 80b (500 mg, 0.40 
mmol) was added to the mixture and stirred for 1 hour at room temperature. The mixture was then 
poured in 500 mL of brine solution, causing the product to precipitate. After filtration on paper, the 
purple solid was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The 
solvent was then removed under reduced pressure and the desired product was isolated by flash 
chromatography (silica, eluent: CH2Cl2-hexane 1:1). The solid was then re-crystallised form 
CH2Cl2/methanol as a crystalline bright pink solid (81b) (0.46 g, 0.34 mmol, 85 %). 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 12.83 (s, 1H, OH), 8.95-8.98 (q, 2H, J=13.2 Hz, -H), 8.93 (s, 
2H, -H), 8.87 (d, 1H, J=4.2 Hz,-H ), 8.76 (br s, 1H, Ar-Ho), 8.72 (br d, 2H, Ar-Ho), 8.69 (m, 2H, Ar-Ho), 
8.66 (s, 1H, Ar-Ho), 8.49 (br s, 1H, -H), 8.42 (m, 4H, Ar-Hp), 8.27 (br s, 1H, -H), 4.25 (m, 1H, 
OCH2CH3), 3.85 (m, 1H, OCH2CH3), 1.87 (s, 3H, COCH3), 0.87 (t, 3H, OCH2CH3) 
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 174.1, 171.6, 151.2, 150.5, 150.3, 150.3, 150.2, 150.1, 
148.8, 148.0, 144.5, 144.3, 143.9, 140.6, 136.6, 134.0, 133.7, 133.1, 133.0, 132.8, 132.8, 132.8, 
132.7, 132.4, 130.8, 126.4, 124.6, 122.8, 122.8, 122.6, 122.3, 121.0, 119.0, 118.8, 118.7, 118.1, 
100.6, 60.8, 20.6, 14.0 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -62.1 (br s, 3F), -62.4 (m, 18F), -62.4 (br s, 3F) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 424; Q bands, 514, 548, 590; 643 Log 424: 5.84 
ESI-MS (+ve) (m/z): 1335.62 [M + H]+ 
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Synthesis of [2-(1-acetyl-1-ethoxycarbonylmethyl)-5,10,15,20-tetrakis 
(pentafluorophenyl)porphyrinato]zinc (II) (81c)  
 
Ethyl acetoacetate (0.59 mL, 4.6 mmol) and K2CO3 (636 mg, 4.6 mmol) were dissolved in a 50-mL round 
bottom flask with DMSO (15 mL), sonicated for 15 minutes and poured in an ice bath while stirring. 
Compound 80c (500 mg, 0.46 mmol) was then added to the mixture and stirred for 5 minutes, until 
the colour changes from greenish to red. The mixture was then poured in 500 mL of brine solution, 
causing the product to precipitate. After filtration on paper, the bright purple solid was re-dissolved 
in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The solvent was then removed under 
reduced pressure and the desired product was isolated by flash chromatography (silica, eluent: CH2Cl2-
hexane 7:3). The solid was then re-crystallised form CH2Cl2/methanol as a crystalline bright pink solid 
(81c) (0.48 g, 0.41 mmol, 90 %). 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 13.14 (s, 1H, OH), 8.95-9.01 (m, 5H, -H), 8.88 (d, 1H, -H), 
8.79 (s, 1H, -H), 4.15-4.25 (m, 1H, OCH2CH3), 3.78-3.89 (m, 1H, OCH2CH3), 1.98 (s, 3H, CH3), 0.79 (t, 
3H, OCH2CH3)  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 174.9, 172.3, 150.5, 150.4, 150.3, 150.3, 148.5, 140.8, 
135.6, 132.4, 132.3, 132.2, 132.1, 131.9, 116.5, 104.7, 104.3, 104.2, 103.6, 99.1, 64.1, 61.3, 20.4, 
20.4, 13.9, 13.6 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -134.5 (d, 1F, Fo), -136.3 (dd, 1F, Fo), -136.7 (m, 5F, Fo), -
137.3 (d, 1F, Fo), -151.4 (t, 1F, Fp), -151.7 (t, 3F, Fp), -161.5 (m, 6F, Fm), -162.3 (dt, 1F, Fm), -163.2 (dt, 
1F, Fm) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 422; Q bands, 541; Log 422: 5.65 
ESI-MS (+ve) (m/z): 1164.94 [M+H]+ 
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Synthesis of [2-(1-acetyl-1-ethoxycarbonylmethyl)-5,10,15,20-tetrakis(3-
methoxyphenyl)porphyrinato]copper (II) (81d’) 
 
Methyl acetoacetate (0.65 mL, 6.0 mmol) and K2CO3 (829 mg, 6.0 mmol) were dissolved in a 50-mL 
round bottom flask with DMSO (15 mL), and sonicated for 15 minutes. Compound 80d (500 mg, 0.60 
mmol) was added to the mixture and stirred for 1 hour at room temperature. The mixture was then 
poured in 250 mL of brine solution, causing the product to precipitate. After filtration on paper, the 
purple solid was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The 
solvent was then removed under reduced and the desired product was isolated by flash 
chromatography (silica, eluent: CH2Cl2-hexane 1:1 with 2 % Et2O). The solid was then re-crystallised 
form CH2Cl2/methanol as a crystalline red solid (0.47 g, 0.52 mmol, 86 %). 
m.p. (°C): 248-251  
UV-Vis (CH2Cl2, nm) max: Soret, 418; Q bands, 541; Log 418: 4.69 
ESI-MS (+ve) (m/z): 910.21 [M+H]+ 
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Synthesis of 2-(1-acetyl-1-methoxycarbonylmethyl)-5,10,15,20-tetrakis(3-methoxyphenyl)porphyrin 
(81d) 
 
Compound Cu81d (100 mg, 0.11 mmol) was dissolved in TFA (5 mL) in a 50-mL round bottom flask, 
and then H2SO4 (500 l) was added. The solution was stirred for 10 minutes at room temperature. 
Then the solution was cooled down with an ice bath, and a saturated solution of NaHCO3 (150 mL) 
was slowly added to the mixture, causing the product to precipitate. After filtration on paper, the 
purple solid was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The 
solvent was then removed under reduced pressure and the crude product was isolated by re-
crystallisation from CH2Cl2/methanol, yielding a dark purple crystalline solid (81d) (89 mg, 0.10 mmol, 
95 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 12.87 (d, 1H, OH), 8.87-8.92 (m, 4H, -H), 8.83-8.84 (d, 1H, 
-H), 8.74 (t, 1H, -H), 8.69 (s, 1H, -H), 7.81-7.91 (br s, 6H, Ar-Ho), 7.66-7.68 (m, 6H, Ar-Ho + Ar-Hp), 
7.35 (m, 4H, Ar-Hm), 3.54 (d, 3H, COOCH3), 1.86 (dd, 3H, CH3), 3.98-4.01 (m, 12H, OCH3), -2.72 (s, 2H, 
NHint)  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 179.7, 179.1, 149.4, 149.4, 149.3, 149.2, 149.1, 149.0, 
148.9, 147.5, 142.1, 141.4, 135.2, 134.9, 134.8, 133.7, 121.5, 73.2, 73.0, 42.2, 42.1, 39.9 
m.p. (°C): 248-251 
UV-Vis (CH2Cl2, nm) max: Soret, 423; Q bands: 528, 547, 590, 641; Log 423: 5.59  
ESI-MS (+ve) (m/z): 849.33 [M+H]+ 
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Synthesis of [2-(1-acetyl-1-ethoxycarbonylmethyl)-5,10,15,20-tetrakis(3,5-
dimethoxyphenyl)porphyrinato]copper (II) (81e’) 
 
Methyl acetoacetate (0.56 mL, 5.2 mmol) and K2CO3 (720 mg, 5.2 mmol) were dissolved in a 50-mL 
round bottom flask with DMSO (15 mL), and sonicated for 15 minutes. Compound 80e (500 mg, 0.52 
mmol) was added to the mixture and stirred for 1 hour at room temperature. The mixture was then 
poured in 250 mL of brine solution, causing the product to precipitate. After filtration on paper, the 
purple solid was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The 
solvent was then removed under reduced and the desired product was isolated by flash 
chromatography (silica, eluent: CH2Cl2-hexane 7:3 with 2 % Et2O). The solid was then re-crystallised 
form CH2Cl2/methanol as a crystalline red solid (0.45 g, 0.44 mmol, 84 %). 
m.p. (°C): > 300 
UV-Vis (CH2Cl2, nm) max: Soret, 428; Q bands, 541; Log 428: 4.69 
ESI-MS (+ve) (m/z): 1030.30 [M+H]+ 
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Synthesis of 2-(1-acetyl-1-ethoxycarbonylmethyl)-5,10,15,20-tetrakis(3,5-
dimethoxyphenyl)porphyrin (81e) 
 
Compound Cu81e (100 mg, 0.10 mmol) was dissolved in TFA (5 mL) in a 50-mL round bottom flask, 
and then H2SO4 (500 l) was added. The solution was stirred for 10 minutes at room temperature. 
Then the solution was cooled down with an ice bath, and a saturated solution of NaHCO3 (150 mL) 
was slowly added to the mixture, causing the product to precipitate. After filtration on paper, the 
purple solid was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The 
solvent was then removed under reduced pressure and the crude product was isolated by re-
crystallisation from CH2Cl2/methanol, yielding a dark purple crystalline solid (81e) (87 mg, 0.09 mmol, 
90 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 12.91 (d, 1H, OH), 8.92 (br d, 4H, J=6 Hz -H), 8.86 (d, 1H, 
J=3.6 Hz, -H), 8.79-8.80 (d, 1H, J=3.6 Hz, -H), 8.72 (s, 1H, -H), 7.46 (br s, 1H, Ar-Ho), 7.36-7.40 (m, 
5H, Ar-Ho), 7.11-7.13 (m, 1H, Ar-Ho), 7.11 (m, 1H, Ar-Ho), 6.88-6.91 (m, 3H, Ar-Hp), 6.77 (t, 1H, J=1.5 
Hz, Ar-Hp), 3.96 (dd, 12H, J=1.5 Hz, J=3.9 Hz, OCH3), 3.55 (s, 3H, COOCH3), 1.82 (s, 3H, CH3), -2.79 (br 
s, 2H, NHint)  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 173.5, 172.7, 166.9, 159.8, 159.3, 159.0, 159.0, 158.9, 
158.8, 158.8, 150.7, 144.3, 144.1, 143.8, 143.1, 129.6, 126.8, 121.4, 120.0, 119.8, 119.6, 119.3, 
116.9, 114.2, 114.2, 114.0, 114.0, 113.9, 113.9, 113.9, 112.3, 102.4, 101.0, 100.3, 100.2, 100.2, 99.9, 
99.3, 55.7, 55.7, 55.6, 55.6, 51.5, 20.6 
m.p. (°C): > 300 
UV-Vis (CH2Cl2, nm) max: Soret, 424; Q bands: 519, 547, 593, 649; Log 424: 5.50  
ESI-MS (+ve) (m/z): 969.33 [M+H]+ 
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Synthesis of 2-(ethoxycarbonylmethyl)-5,10,15,20-tetrakis-phenylporphyrin (82a) 
 
Compound 81a (100 mg, 0.135 mmol) was dissolved in a 100-mL round bottom flask with ethanol (50 
mL). HCl (10 mL, 20% to EtOH) was added to the mixture, and the solution was heated to reflux for 2 
hours. Then the mixture was allowed to cool to room temperature, and CH2Cl2 (150 mL) was added. 
The resulting solution was washed with a saturated solution of NaHCO3 (150 mL) and dried over 
anhydrous Na2SO4. The solvent was then removed under reduced pressure and the desired product 
was isolated by flash chromatography (silica, eluent: CH2Cl2-hexane 1:1). The solid was then isolated 
by re-crystallisation from CH2Cl2/methanol, yielding a brown solid (82a) (65 mg, 0.093 mmol, 69 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.79-8.88 (m, 5H, -H), 8.76 (br s, 1H, -H), 8.64-8.65 (d, 
1H, -H), 8.24-8.26 (m, 6H, Ar-Ho), 8.11 (d, 2H, Ar-Ho), 7.70-7.84 (m, 12H, Ar-Hm + Ar-Hp), 4.10-4.17 
(q, 2H, OCH2CH3), 3.99 (s, 2H, CH2), 1.22 (t, 3H, OCH2CH3), -2.69 (s, 2H, NHint),  
13C-NMR (75 MHz, CDCl3, 298 K, DEPTQ) , ppm: 171.9, 142.7, 142.5, 142.1, 141.9, 134.8, 134.7, 
134.7, 133.6, 131.7, 130.8, 128.5, 127.9, 127.2, 126.9, 126.8, 126.7, 120.7, 120.3, 119.7, 119.6, 60.8, 
36.5, 14.3  
m.p. (°C): 264-265  
UV-Vis (CH2Cl2, nm) max: Soret, 418; Q bands: 516, 550, 591, 646; Log 418: 5.98  
ESI-MS (+ve) (m/z): 700.93 [M]+ 
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Synthesis of 2-(ethoxycarbonylmethyl)-5,10,15,20-tetrakis[3,5-bis(trifluoromethyl)phenyl]porphyrin 
(82b) 
 
Compound 81b (100 mg, 0.07 mmol) was dissolved in a 100-mL round bottom flask with ethanol (50 
mL). HCl (10 mL, 20% to EtOH) was added to the mixture, and the solution was heated to reflux for 2 
hours. Then the mixture was allowed to cool to room temperature, and CH2Cl2 (150 mL) was added. 
The resulting solution was washed with a saturated solution of NaHCO3 (150 mL) and dried over 
anhydrous Na2SO4. The solvent was then removed under reduced pressure and the desired product 
was isolated by flash chromatography (silica, eluent: CH2Cl2-hexane 7:3). The solid was then re-
crystallised form CH2Cl2/methanol as a brown solid (82b) (78 mg, 0.05 mmol, 75 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.81-8.84 (q, 2H, J=3.6Hz, J=6.3 Hz, -H), 8.79 (d, 1H, J=3.6 
Hz, -H), 8.70-8.74 (br m, 8H, Ar-Ho), 8.66 (br s, 1H, -H), 8.62 (br s, 2H, -H), 8.52-8.53 (d, 1H, J=3.6 
Hz, -H), 8.40-8.41 (br d, 4H, Ar-Hp), 4.08 (q, 2H, OCH2CH3), 3.97 (s, 2H, CH2), 1.17 (t, 3H, OCH2CH3), -
2.81 (s, 2H, NHint) 
 13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 170.7, 144.1, 143.9, 143.5, 143.3, 133.8, 133.8, 133.2, 
131.3, 131.1, 131.0, 130.9, 130.9, 130.8, 130.8, 133.7, 130.6, 130.6, 126.3, 126.2, 124.5, 124.4, 
123.0, 122.7, 122.6, 122.5, 122.5, 120.9, 120.8, 118.0, 117.8, 117.3, 117.1, 61.5, 36.5, 14.0 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -62.1 (br s, 6F), -62.2 (br m, 6F), -62.2 (br d, 12F) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 421; Q bands, 515, 547, 589; 641 Log 421: 5.68 
ESI-MS (+ve) (m/z): 1245.33 [M+H]+ 
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Synthesis of 2-(ethoxycarbonylmethyl)-5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (82c) 
 
Compound 81c (100 mg, 0.09 mmol) was dissolved in a 100-mL round bottom flask with ethanol (50 
mL). HCl (10 mL, 20 % to EtOH) was added to the mixture, and the solution was heated to reflux for 2 
hours. Then the mixture was allowed to cool to room temperature, and CH2Cl2 (150 mL) was added. 
The resulting solution was washed with a saturated solution of NaHCO3 (150 mL) and dried over 
anhydrous Na2SO4. The solvent was then removed under reduced pressure and the desired product 
was isolated by flash chromatography (silica, eluent: CH2Cl2-hexane 1:1). The solid was then re-
crystallised form CH2Cl2/methanol as a brown solid (82c) (91 mg, 0.08 mmol, 95 %). 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 8.94 (s, 2H, -H), 8.85-8.89 (m, 4H, -H), 8.72 (d, 1H, J=4.8 
Hz, -H), 4.32 (s, 2H, CH2), 4.15-4.19 (q, 2H, J=5.0 Hz, CH2), 1.19 (t, 3H, J=6.6 Hz, OCH2CH3), -2.85 (br 
s, 2H, NHint)  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 170.0, 147.5, 145.9, 141.6, 138.6, 137.0, 132.3, 115.4, 
115.3, 104.2, 103.8, 103.1, 103.0, 61.9, 36.2, 29.9, 14.0 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -135.5 (dd, 2F, Fo), -136.1 (dd, 2F, Fo), -136.4 (d, 4F, Fo), -
150.3 (t, 1F, Fp), -151.0 (m, 3F, Fp), -160.6 (dt, 2F, Fm), -161.1 (m, 6F, Fm)  
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 415; Q bands, 506, 538, 580; 641 Log 415: 5.59 
ESI-MS (+ve) (m/z): 1061.36 [M+H]+ 
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Synthesis of 2-(ethoxycarbonylmethyl)-5,10,15,20-tetrakis(3-methoxyphenyl)porphyrin (82d) 
 
Compound 81d (100 mg, 0.12 mmol) was dissolved in a 100-mL round bottom flask with ethanol (50 
mL). HCl (10 mL, 20 % to EtOH) was added to the mixture, and the solution was heated to reflux for 2 
hours. Then the mixture was allowed to cool to room temperature, and CH2Cl2 (150 mL) was added. 
The resulting solution was washed with a saturated solution of NaHCO3 (150 mL) and dried over 
anhydrous Na2SO4. The solvent was then removed under reduced pressure and the desired product 
was isolated by flash chromatography (silica, eluent: CH2Cl2-hexane 8:2). The solid was then isolated 
by re-crystallisation from CH2Cl2/methanol, yielding a dark purple crystalline solid (82d) (59 mg, 0.07 
mmol, 61 %). 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 8.94 (d, 2H, J=3 Hz, -H), 8.91 (d, 1H, J=4.2 Hz, -H), 8.88 (d, 
1H, J=4.8 Hz, -H), 8.86 (d, 1H, J=4.8 Hz, -H), 8.82 (br s, 1H, -H), 8.73 (d, 1H, J=4.2 Hz, -H), 7.64-
7.84 (br m, 12H, Ar-Ho + Ar-Hp), 7.35-7.37 (m, 4H, Ar-Hm), 4.15 (m, 2H, CH2CH3), 4.05 (s, 10H, OCH3), 
3.98 (s, 2H, CH2), 1.23 (t, 3H, CH2CH3), -2.78 (br s, 2H, NHint) 
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 172.0, 158.4, 158.2, 158.1, 158.0, 144.0, 143.7, 143.7, 
143.4, 143.1, 128.1, 127.8, 127.8, 127.7, 127.6, 127.5, 126.5, 120.7, 120.6, 120.5, 120.3, 120.0, 
119.6, 119.4, 119.3, 114.4, 113.7, 60.9, 55.6, 55.5, 36.3 
m.p. (°C): > 300 
UV-Vis (CH2Cl2, nm) max: Soret, 421; Q bands: 518, 550, 593, 649; Log 421: 5.64  
ESI-MS (+ve) (m/z): 821.35 [M+H]+ 
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Synthesis of 2-(1-ethoxycarbonylmethyl)-5,10,15,20-tetrakis(3,5-dimethoxyphenyl)porphyrin (82e) 
 
Compound 81e (100 mg, 0.10 mmol) was dissolved in a 100-mL round bottom flask with ethanol (50 
mL). HCl (10 mL, 20 % to EtOH) was added to the mixture, and the solution was heated to reflux for 2 
hours. Then the mixture was allowed to cool to room temperature, and CH2Cl2 (150 mL) was added. 
The resulting solution was washed with a saturated solution of NaHCO3 (150 mL) and dried over 
anhydrous Na2SO4. The solvent was then removed under reduced pressure and the desired product 
was isolated by flash chromatography (silica, eluent: CH2Cl2-hexane 7:3). The solid was then isolated 
by re-crystallisation from CH2Cl2/methanol, yielding a dark purple crystalline solid (58 mg, 0.06 mmol, 
62 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.94 (t, 2H, J=4.2 Hz, -H), 8.89 (dd, 2H, J=3.6 Hz, J=8.4 Hz, 
-H), 8.86 (d, 1H, J=3.6 Hz, -H), 8.83 (br s, 1H, -H), 8.74-8.75 (d, 1H, J=3.6 Hz, -H), 7.39-7.40 (m, 
6H, Ar-Ho), 7.24 (dd, 2H, Ar-Ho), 6.88-6.91 (m, 3H, Ar-Hp), 6.89-6.90 (m, 4H, Ar-Hp), 4.15 (s, 2H, CH2), 
3.96 (br dt, 18H, OCH3), 3.93 (s, 6H, OCH3), 3.69 (s, 3H, COOCH3),-2.82 (br s, 2H, NHint)  
13C-NMR (75 MHz, CDCl3, 298 K) , ppm: 172.6, 159.5, 159.1, 159.0, 158.9, 144.5, 144.3, 143.9, 
143.5, 120.2, 119.9, 119.3, 119.3, 114.1, 114.0, 113.9, 113.0, 100.7, 100.4, 100.4, 100.3, 55.8, 55.7, 
51.9, 35.9 
m.p. (°C): > 300 
UV-Vis (CH2Cl2, nm) max: Soret, 423; Q bands: 518, 549, 592, 648; Log 423: 5.58  
ESI-MS (+ve) (m/z): 926.34 [M+H]+ 
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Synthesis of 2-(carboxymethyl)-5,10,15,20-tetrakis-phenylporphyrin (83a) 
 
Compound 82a (100 mg, 0.143 mmol) was dissolved in a 50-mL round bottom flask with THF (10 mL). 
HCl (20 mL) was added to the mixture, and the solution was stirred overnight (15 hours). The mixture 
was diluted with CH2Cl2 (150 mL) and the resulting solution was washed with a saturated solution of 
NaHCO3 (150 mL) and dried over anhydrous Na2SO4. The solvent was then removed under reduced 
pressure and the crude product was isolated by re-crystallisation from CH2Cl2/methanol, yielding a 
brown/reddish solid (83a) (93 mg, 0.138 mmol, 97 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.83-8.87 (m, 3H, -H), 8.79 (t, 2H, -H), 8.75 (s, 1H, -H), 
8.63 (d, 1H, -H), 8.19-8.24 (m, 6H, Ar-Ho), 8.07-8.09 (d, 2H, Ar-Ho), 7.62-7.78 (m, 12H, Ar-Hm + Ar-
Hp), 4.00 (s, 2H, CH2), -2.72 (br s, 2H, NHint),  
13C-NMR (75 MHz, CDCl3, DEPTQ, 298 K,) , ppm: 177.0, 142.6, 142.4, 142.0, 141.7, 134.8, 134.7, 
134.6, 133.6, 131.3, 128.6, 127.9, 127.4, 126.9, 126.8, 126.7, 120.6, 120.3, 119.7, 119.6, 35.8  
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 420; Q bands: 519, 552, 594, 647; Log 420: 5.49 
ESI-MS (+ve) (m/z): 673.47 [M+H]+ 
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Synthesis of 2-methyl-5,10,15,20-tetrakis-phenylporphyrin (83a’) 
 
Compound 83a (20 mg, 0.03 mmol) was dissolved in a 10-mL microwave vessel with NMP (3 mL). The 
mixture was heated to 200 °C for 5 minutes. After the mix cooled down, it was diluted with CH2Cl2 (50 
mL), washed with water (150 mL) and dried over anhydrous Na2SO4. The solvent was removed under 
reduced pressure and the product was isolated by re-crystallisation from CH2Cl2/methanol, yielding a 
brown solid (18.7 mg, 0.03 mmol, 99 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.63-8.87 (m, 7H, -H), 8.07-8.24 (m, 8H, Ar-Ho), 7.70-7.81 
(m, 12H, Ar-Hm + Ar-Hp), 2.59 (s, 3H, CH3), -2.78 (br s, 2H, NHint),  
13C-NMR (75 MHz, CDCl3, DEPTQ, 298 K) , ppm: 142.9, 142.6, 142.4, 142.2, 134.7, 134.6, 134.6, 
133.4, 132.5, 128.2, 127.8, 127.8, 127.1, 126.9, 126.8, 126.7, 120.7, 120.1, 120.0, 118.7, 17.5 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 416; Q bands, 513, 549, 592, 648; Log 417: 5.87 
ESI-MS (+ve) (m/z): 629.75 [M+H]+ 
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Synthesis of 2-(carboxymethyl)-5,10,15,20-tetrakis[3,5-bis(trifluoromethyl)phenyl]porphyrin (83b) 
 
Compound 82b (100 mg, 0.08 mmol) was dissolved in a 50-mL round bottom flask with THF (10 mL). 
HCl (20 mL) was added to the mixture, and the solution was stirred overnight (15 hours). The mixture 
was diluted with CH2Cl2 (150 mL) and the resulting solution was washed with a saturated solution of 
NaHCO3 (150 mL) and dried over anhydrous Na2SO4. The solvent was then removed under reduced 
pressure and the desired product was isolated by flash chromatography (silica, eluent: CH2Cl2-hexane 
7:3, then pure CH2Cl2). The solid was then re-crystallised form CH2Cl2/methanol as a brown solid (83b) 
(71 mg, 0.06 mmol, 73 %). 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 8.82 (br s, 1H, -H), 8.80 (br d, 2H, J=2.4 Hz, -H), 8.76 (br 
d, 1H, J=4.8 Hz, -H), 8.70 (br s, 5H, Ar-Ho), 8.66 (br s, 3H, -H), 8.56 (br s, 2H, -H), 8.50 (d, 1H, J=4.8 
Hz, -H), 8.41 (br s, 2H, Ar-Hp), 8.40 (br s, 1H, Ar-Hp), 8.34 (br s, 1H, Ar-Hp), 4.01 (s, 2H, CH2), -2.83 (s, 
2H, NHint) 
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 176.3, 144.0, 143.8, 143.4, 143.1, 133.9, 133.8, 133.1, 
131.1, 131.0, 130.9, 130.9, 130.8, 130.7, 130.6, 130.6, 126.3, 124.5, 124.3, 122.7, 120.9, 118.0, 
117.8, 117.2, 117.1, 35.9 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -62.4 (m, 18F), -62.7 (s, 6F) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 421; Q bands, 515, 549, 587; 640 Log 421: 5.58 
ESI-MS (+ve) (m/z): 1217.61 [M+H]+ 
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Synthesis of 2-(carboxymethyl)-5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (83c) 
 
Compound 82c (100 mg, 0.09 mmol) was dissolved in a 50-mL round bottom flask with THF (10 mL). 
HCl (20 mL) was added to the mixture, and the solution was stirred overnight (15 hours). The mixture 
was diluted with CH2Cl2 (150 mL) and the resulting solution was washed with a saturated solution of 
NaHCO3 (150 mL) and dried over anhydrous Na2SO4. The solvent was then removed under reduced 
pressure and the desired product was isolated by flash chromatography (silica, eluent: CH2Cl2, then 
0.1 % methanol). The solid was then re-crystallised form CH2Cl2/methanol as a brown solid (83c) (72 
mg, 0.07 mmol, 78 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.83-8.91 (m, 6H, -H), 8.70 (d, 1H, J=4.8 Hz, -H), 4.36 (s, 
2H, CH2), -2.86 (br s, 2H, NHint)  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 175.8, 147.5, 145.9, 143.8, 143.4, 142.1, 141.7, 139.0, 
138.6, 137.3, 136.9, 134.3, 132.0, 130.8, 116.2, 116.1, 116.0, 115.9, 115.7, 115.5, 115.4, 115.3, 
115.1, 115.0, 104.2, 103.9, 103.2, 103.0, 35.7 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -135.5 (dd, 2F, Fo), -136.2 (dd, 2F, Fo), -136.4 (m, 4F, Fo), -
150.0 (t, 1F, Fp), -151.0 (q, 2F, Fp), -151.2 (t, 1F, Fp), -160.6 (dt, 2F, Fm), -161.1 (m, 6F, Fm)  
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 414; Q bands, 510, 587, 643; Log 414: 5.26 
ESI-MS (+ve) (m/z): 1033.29 [M+H]+ 
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Synthesis of lithium 2-aminoethanesulphonate (84) 
 
 
 
2-aminoethanesulphonic acid (10 g, 79.9 mmol) was dissolved in a 100-mL round bottom flask with 
water (40 mL). lithium hydroxide (3.352 g, 79.9 mmol) was added to the solution while stirring. The 
reaction was left stirring at room temperature for 24 hours. The solvent was then removed under 
reduced pressure, and acetone (100 mL) was added, causing the product to precipitate and to be 
collected by paper filtration. The desired product was collected as a white powder after further 
washing with acetone. (6884) (10.468 g, 79.9 mmol, quantitative yield) 
1H-NMR (600 MHz, D2O, 298 K) , ppm: 3.12 (br s, 2H, NH2), 2.81 (t, 2H, J=12.6 Hz, NHCH2), 2.54 (t, 
2H, J=13.2 Hz, CH2SO3) 
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 53.5, 38.0 
ESI-MS (+ve) (m/z): 132.00 [M+H]+ 
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Synthesis of [5,10,15,20--tetrakis(3-pyridyl)porphyrinato]copper (II) (92) 
 
Compound 79f (500 mg, 0.81 mmol) was dissolved in acetic acid (50 mL) in a 100-mL round bottom 
flask. Cu(OAc)2 (735 mg, 4.05 mmol) was added to the mixture, stirred at room temperature for 1 
hour. The solvent is removed under reduced pressure, and a saturated solution of NaHCO3 (300 mL) 
was then added to the mixture, causing the product to precipitate. After filtration on paper, the crude 
compound is re-dissolved in CH2Cl2 and the organic phase was washed with water, and dried over 
anhydrous Na2SO4. The solvent was then removed under reduced pressure and the crude product was 
isolated by re-crystallisation form CH2Cl2/methanol as a crystalline dark purple solid (31) (0.53 g, 0.78 
mmol, 96 %). 
m.p. (°C): > 300  
UV-Vis (CHCl3, nm) max: Soret, 416; Q bands, 539; Log 416: 5.71  
ESI-MS (+ve) (m/z): 680.56 [M+H]+ 
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Synthesis of [2-nitro-5,10,15,20-tetrakis(3-pyridyl)porphyrinato]copper (II) (93a) 
 
Compound 92 (500 mg, 0.69 mmol) was dissolved in CHCl3 (350 mL) in a 500-mL 3 necks round bottom 
flask, and the solution was cooled down with an ice bath. NaNO2 (950 mg, 13.77 mmol) was placed in 
a 100-mL 2 necks round bottom flask equipped with a dropping funnel, containing TFA (10 mL). The 
flasks were connected with a glass bridge (partially immersed in the flask containing CHCl3), and TFA 
was added drop-wise to NaNO2. Immediately an orange gas was realised (NO2), bubbling into the 
mixture. The solution was then stirred, and the reaction was monitored with TLC (CH2Cl2 with 3 % 
MeOH). The reaction was stopped as soon as traces of di-nitrated product was detected, after 4.5 
hours stirring. A saturated solution of NaHCO3 (300 mL) was then added to the mixture. The organic 
phase was separated, washed with water, and dried over anhydrous Na2SO4. The solvent was then 
removed under reduced pressure and the desired product was isolated by flash chromatography 
(silica, eluent: CH2Cl2 with 3 % MeOH, then increased to 5 %). The solid was then re-crystallised form 
CH2Cl2/methanol as a crystalline dark solid (93a) (0.44 g, 0.60 mmol, 88 %). 
m.p. (°C): > 300  
UV-Vis (CHCl3, nm) max: Soret, 421; Q bands, 542; Log 421: 5.61  
ESI-MS (+ve) (m/z): 680.56 [M+H]+ 
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Synthesis of 2-nitro-5,10,15,20--tetrakis(3-pyridyl)porphyrin (93b) 
 
Compound 93a (100 mg, 0.15 mmol) was dissolved in TFA (5 mL) in a 50-mL round bottom flask, and 
then H2SO4 (500 l) was added. The solution was stirred for 1hour at room temperature. Then the 
solution was cooled down with an ice bath, and a saturated solution of NaHCO3 (150 mL) was slowly 
added to the mixture, causing the product to precipitate. After filtration on paper, the purple solid 
was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The solvent was then 
removed under reduced pressure and the crude product was isolated by re-crystallisation from 
CH2Cl2/methanol, yielding a black crystalline solid (93b) (92 mg, 0.14 mmol, 93 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 9.45 (br s, 4H, Py-H2), 9.04 and 9.11 (br s, 4H, Py-H6), 8.92-
9.00 (m, 5H, -H), 8.73 (t, 2H, J=5.1 Hz, -H), 8.54 (br d, 4H, J=6.3 Hz, Py-H4), 7.81-7.83 (m, 3H, Py-
H5), 7.69-7.73 (m, 1H, Py-H5), -2.68 (s, 2H, NHint)  
13C-NMR (75 MHz, CDCl3, 298 K) , ppm: 153.8, 148.5, 141.0, 139.4, 136.5, 130.0, 121.4, 118.0 
m.p. (°C): > 300 
UV-Vis (CH2Cl2, nm) max: Soret, 428; Q bands: 539, 598; Log 428: 5.83  
ESI-MS (+ve) (m/z): 664.78 [M+H]+ 
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Synthesis of [2-(1-acetyl-1-ethoxycarbonylmethyl)-5,10,15,20-tetrakis(3-pyridyl)porphyrinato]copper 
(II) (94a) 
 
Ethyl acetoacetate (0.88 mL, 6.93 mmol) and K2CO3 (958 mg, 6.93 mmol) were dissolved in a 50-mL 
round bottom flask with DMSO (15 mL), and sonicated for 15 minutes. Compound 93a (500 mg, 0.69 
mmol) was added to the mixture and stirred for 1 hour at room temperature. The mixture was then 
poured in 250 mL of brine solution, causing the product to precipitate. After filtration on paper, the 
purple solid was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The 
solvent was then removed under reduced pressure and the desired product was isolated by flash 
chromatography (silica, eluent: CH2Cl2 with 2 % MeOH, then increased to 4 %). The solid was then re-
crystallised form CH2Cl2/methanol as a crystalline dark solid (94a) (0.46 g, 0.57 mmol, 83 %). 
m.p. (°C): > 300 
UV-Vis (CH2Cl2, nm) max: Soret, 426; Q bands, 537, 551; Log 426: 5.45  
ESI-MS (+ve) (m/z): 808.71 [M]+ 
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Synthesis of 2-(1-acetyl-1-ethoxycarbonylmethyl)-5,10,15,20-tetrakis(3-pyridyl)porphyrin (94b) 
 
Compound 94a (100 mg, 0.12 mmol) was dissolved in TFA (5 mL) in a 50-mL round bottom flask, and 
then H2SO4 (500 l) was added. The solution was stirred for 1 hour at room temperature. Then the 
solution was cooled down with an ice bath, and a saturated solution of NaHCO3 (150 mL) was slowly 
added to the mixture, causing the product to precipitate. After filtration on paper, the purple solid 
was re-dissolved in CH2Cl2, washed with water and dried over anhydrous Na2SO4. The solvent was then 
removed under reduced pressure and the crude product was isolated by re-crystallisation from 
CH2Cl2/methanol, yielding a black crystalline solid (94b) (51 mg, 0.07 mmol, 57 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 13.16 (s, 1H, OH), 8.73-8.93 (m, 7H, -H), 4.14-4.25 (m, 1H, 
CH2), 3.78-3.89 (m, 1H, CH2CH3), 2.00 (s, 3H, COCH3), 0.78 (t, 3H, CH2CH3), -2.83 (s, 2H, NHint)  
13C-NMR (75 MHz, CDCl3, 298 K) , ppm: 153.7, 149.4, 148.7, 141.0, 140.0, 128.0, 122.2, 121.6, 61.2, 
36.9, 29.8, 14.2 
m.p. (°C): > 300 
UV-Vis (CH2Cl2, nm) max: Soret, 420; Q bands, 518, 549, 597; Log 420: 5.21  
ESI-MS (+ve) (m/z): 747.53 [M+H]+ 
 
 
 
 
 
 
Synthesis of 2-(carboxymethyl)-5,10,15,20--tetrakis(3-pyridyl)porphyrin (95) 
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Compound 94a (100 mg, 0.12 mmol) was dissolved in HCl (37 % v/v) (15 mL) in a 50-mL round bottom 
flask. The solution was stirred for 48 hours at room temperature. Then the solution was cooled down 
with an ice bath, and a saturated solution of NaHCO3 (150 mL) was slowly added to the mixture, 
causing the product to precipitate. After filtration on paper, the purple solid was re-dissolved in CH2Cl2, 
washed with water and dried over anhydrous Na2SO4. The solvent was then removed under reduced 
pressure and the desired product was isolated by flash chromatography (silica, eluent: CH2Cl2 with 5 
% MeOH, then increased to 10 %, 15 % and 20 %). The solid was then re-crystallised form 
CH2Cl2/methanol as a crystalline dark red solid. (95) (49 mg, 0.07 mmol, 60 %) 
1H-NMR (300 MHz, DMSO-d6, 298 K) , ppm: 10.55 (br s, 2H, -H), 9.35 (br s, 5H, -H), 7.34 (d, 4H, 
3J4-5=11.4, Py-H4), 7.07 (d, 4H, 3J=9.3 Hz, Py-H6), 6.89 (s, 4H, Py-H2), 6.69-6.76 (dd def. to t, 4H, 3J5-
6=9.9 Hz 3J5-4=11.1 Hz, Py-H5) 
13C-NMR (75 MHz, CDCl3, 298 K) , ppm: 182.4, 154.8, 151.9, 151.7, 134.9, 134.5, 133.2, 123.8, 
116.7, 115.1, 110.5,  
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 419; Q bands, 519, 548, 594, 648; Log 419: 4.93  
ESI-MS (+ve) (m/z): 677.45 [M]+ 
 
 
 
 
 
Synthesis of 5-(4-carboxymethylphenyl)-10,15,20-tris(4-pyridyl)porphyrin (97) 
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4-Pyridinecarboxaldehyde (5 mL, 53 mmol) and methyl-4-formylbenzoate (3.2 g, 20 mmol) were 
dissolved in propionic acid (500 mL) in a 1 L 3 necks round bottom flask. The resulting mixture was 
heated to reflux under stirring. Pyrrole (5 mL, 72 mmol) was added drop-wise to the solution in a 30 
minutes time. The resulting mixture was heated to reflux for 1.5 hours protected from light. Once the 
solution was cooled down to room temperature, the solvent was removed under reduced pressure 
and the crude mixture was dissolved in CH2Cl2 with 7 % methanol and filtrated on silica gel. The solvent 
was then removed under reduced pressure and the desired product was isolated by flash 
chromatography (silica, eluent: CH2Cl2 with 5 % MeOH, then increased slowly to 5.5 %). The solid was 
then re-crystallised form CH2Cl2/methanol as a purple solid. (97) (0.55 g, 0.81 mmol, 4.5 %). 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 9.07 (d into s, 6H, Py-Ho), 8.85-8.87 (d, 8H, -H), 8.47 (d, 
2H, 3J= 4.2 Hz, Ar-Ho), 8.30 (d, 2H, 3J4-5=3.9 Hz, Ar-Hm), 8.17 (d, 6H, 3J=2.4 Hz, Py-Hm), 4.13 (s, 3H, 
OCH3), -2.87 (s, 2H, NHint)  
13C-NMR (150 MHz, CDCl3, DEPTQ, 298 K) , ppm: 167.3, 150.1, 150.1, 148.5, 148.5, 146.4, 134.7, 
130.2, 129.5, 128.2, 120.3, 117.8, 117.6, 52.7  
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 419; Q bands, 516, 552, 591, 650; Log 415: 5.63 
ESI-MS (+ve) (m/z): 676.21 [M + H]+ 
 
 
 
 
Synthesis of 5-(4-carboxyphenyl)-10,15,20-trisphenylporphyrin (98) 
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Benzaldehyde (5.5 mL, 54 mmol) and 4-formylbenzoic acid (3.6 g, 22 mmol) were dissolved in 
propionic acid (500 mL) in a 1 L 3 necks round bottom flask. The resulting mixture was heated to reflux 
under stirring. Pyrrole (5 mL, 72 mmol) was added drop-wise to the solution in a 30 minutes time. The 
resulting mixture was heated to reflux for 1.5 hours protected from light. Once the solution was cooled 
down to room temperature, the solvent was removed under reduced pressure and the crude mixture 
was dissolved in CH2Cl2 with 2 % methanol and filtrated on silica gel. The solvent was then removed 
under reduced pressure and the desired product was isolated by flash chromatography (silica, eluent: 
CH2Cl2/hexane 8:2, then increased to 9:1). The solid was then re-crystallised form CH2Cl2/methanol as 
a brown solid. (98) (0.55 g, 0.84 mmol, 4.6 %). 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 8.81-8.91 (m, 8H, -H), 8.52 (d, 2H, J= 7.8 Hz, 5-Ar-H3,5), 
8.37 (d, 2H, J4-5=7.8 Hz, 5-Ar-H2,6), 8.22 (d, 6H, J=6.6 Hz, 10,15,20-Ar-H2,6), 7.76-7.79 (br d, 9H, 
10,15,20-Ar-H2,4,6), -2.76 (s, 2H, NHint)  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 148.2, 141.6, 141.1, 137.7, 135.9, 133.4, 129.0, 122.9, 
121.2  
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 416; Q bands, 519, 557, 584, 637; Log 416: 5.56 
ESI-MS (+ve) (m/z): 659.02 [M+H]+ 
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Synthesis of 5-(4-carboxymethylphenyl)-10,15,20-tris(pentafluorophenyl)porphyrin (99) 
 
2,3,4,5,6-pentafluorobenzaldehyde (6.1 g, 31 mmol), methyl-4-formylbenzoate (1.3 g, 8 mmol) and 
pyrrole (3.0 mL, 43 mmol) were dissolved in CH2Cl2 (1600 mL) in a 2 L 3 necks round bottom flask. The 
resulting mixture was stirred for 30 minutes under a nitrogen atmosphere. BF3·Et2O (0.6 mL, 2.4 mmol) 
was added. The resulting mixture was heated to reflux for 4 hours protected from light. After this time, 
chloranil (3.6 g, 15 mmol) was added to the mixture and the reaction was heated to reflux overnight 
(15 hours). The mixture was allowed to cool down to room temperature, washed with a saturated 
solution of NaHCO3 (500 mL) and dried over anhydrous Na2SO4. The organic phase was separated and 
filtrated on silica gel. The solvent was then removed under reduced pressure and the desired product 
was isolated by flash chromatography (silica, eluent: CH2Cl2/hexane 2:3, then increased to 3:2). The 
solid was then re-crystallised form CH2Cl2/methanol as a brown solid. (99) (1.28 g, 1.35 mmol, 17 %). 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 8.85-8.92 (m, 8H, -H), 8.48 (d, 2H, J=8.4 Hz, Ar-Ho), 8.31 (d, 
2H, J=8.4 Hz, Ar-Hm), 4.14 (s, 3H, OCH3), -2.84 (s, 2H, NHint)  
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 167.2, 147.5, 145.8, 143.2, 141.5, 138.6, 136.9, 134.7, 
130.4, 128.3, 121.9, 116.2, 116.0, 115.9, 103.4, 102.4, 52.7 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -136.5 (dd, 2F, J= 8 Hz, J= 24 Hz, Fo), -136.7 (dd, 4F, J=8 Hz, 
J=24 Hz, Fo), -151.5 (m, 3F, Fp), -161.4 (m, 6F, Fm) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 416; Q bands, 511, 539, 587, 641; Log 416: 5.38  
ESI-MS (+ve) (m/z): 942.89 [M+H]+ 
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Synthesis of [5-(4-carboxymethylphenyl)-10,15,20-tris(4-methyl-pyridinium)porphyrin] trichloride 
(100) 
 
Compound 97 (500 mg, 0.74 mmol) was dissolved in NMP (30 mL) in a 100-mL round bottom flask 
equipped with a rubber septum. Methyl iodide (5 mL, 80 mmol) was slowly added to the solution while 
stirring with a syringe. The resulting mixture was heated to 40 °C and left under stirring overnight. 
Once the solution was cooled down to room temperature, diethyl ether (70 mL) was added to the 
mixture and the resulting suspension was filtrated through cotton. The filtrate was dissolved in water 
(200 mL) and treated with sodium hexafluorophosphate, to induce precipitation of the title 
compound. The resulting suspension was centrifuged, and the precipitate was re-dissolved in acetone 
(40 mL). The resulting mixture was treated with 10 % TBAC in acetone, leading to flocculation of the 
title compound, successively centrifuged and collected after further crystallisation from methanol–
diethyl ether (100). (0.59 g, 0.73 mmol, 97 %). 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 9.53-9.55 (m, 6H, Py-Ho), 9.00-9.17 (m, 14H, -H + Ar-
Hm), 8.46 (d, 2H, J= 8.1 Hz, Ar-Ho), 8.39 (d, 2H, J4-5=8.1 Hz, Ar-Hm), 4.74 (s, 9H, N+CH3), 4.07 (s, 3H, 
OCH3), -3.02 (s, 2H, NHint)  
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 166.3, 156.4, 156.4, 145.1, 144.2, 134.6, 132.1, 129.7, 
128.0, 121.3, 115.4, 114.8, 52.5, 47.8 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 420; Q bands, 519, 554, 590, 647; Log 420: 5.53  
ESI-MS (+ve) (m/z): 240.24 [M –  3Cl]3+/3; 360.86 [M + H – 3Cl]2+/2 
HPLC (method A), tR: 5.28 min 
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Synthesis of [5-(4-carboxymethylphenyl)-10,15,20-tris(pentafluorophenyl)porphyrinato] zinc (II) 
(101) 
 
Compound 99 (500 mg, 0.53 mmol) was dissolved in chloroform (100 mL) in a 250-mL round bottom 
flask. Zinc acetate dihydrate (1.16 g, 5.3 mmol) was dissolved in methanol (25 mL) and added to the 
mixture. The reaction was heated to reflux overnight. The mixture was then allowed to cool down to 
room temperature, washed with water (500 mL) and dried over anhydrous Na2SO4. The desired 
product was first filtrated on silica gel, and then re-crystallised form CH2Cl2/methanol as a pink/purple 
shiny solid. (101) (0.52 g, 0.52 mmol, 98 %). 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 8.84-8.93 (m, 8H, -H), 8.42 (d, 2H, J=8.4 Hz, Ar-Ho), 8.30 (d, 
2H, J=8.4 Hz, Ar-Hm), 4.08 (s, 3H, OCH3) 
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 167.5, 150.4, 150.3, 150.0, 149.8, 148.3, 147.3, 145.0, 
134.7, 133.6, 131.7, 131.4, 130.6, 129.7, 127.9, 122.2, 117.2, 103.3, 52.6 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -136.9 (d, 2F, J= 17.8 Hz, Fo), -137.0 (d, 4F, J=17.8 Hz, Fo), -
152.3 (m, 3F, Fp), -161.9 (m, 6F, Fm) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 417; Q bands, 548; Log 417: 5.59  
ESI-MS (+ve) (m/z): 1005.42 [M+H]+ 
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Synthesis of {5-(4-carboxyphenyl)-10,15,20-tris[4-(2-sulphonatoethyl)amino-2,3,5,6-
tetrafluorophenyl]porphyrinato} trisodium (102) 
 
Compound 101 (500 mg, 0.50 mmol) was dissolved in NMP (50 mL) in a 100-mL round bottom flask. 
Compound 84 (1.31 g, 10 mmol, 20 equivalents) was added to the mixture. The reaction was heated 
to reflux overnight. Once the solution was cooled down to room temperature, it was filtered through 
celite. Diethyl ether (200 mL) was then added to the mixture to induce precipitation of the title 
compound. The filtrate was dissolved in water (40 mL) and HCl (10 mL) was slowly added to the stirring 
solution. The reaction was stirred for 2 hours at room temperature. Then the mixture was treated with 
compound 103, to induce precipitation of the title compound. The resulting suspension was 
centrifuged and the precipitate was re-dissolved in acetone (40 mL). The resulting mixture was treated 
with sodium hexafluorophosphate, leading to flocculation of the title compound, successively 
centrifuged and collected after further crystallisation from methanol–diethyl ether (102). (0.64 g, 0.49 
mmol, 98 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 8.91-9.22 (m, 8H, -H), 8.42 (d, 2H, J=6.9 Hz, Ar-Ho), 
8.13 (d, 2H, J=6.9 Hz, Ar-Hm), 6.66 (s, 3H, Ar-NH), 3.91 (d into s, 6H, CH2SO3), 2.96 (d into s, 6H, 
NHCH2), -3.03 (s, 2H, NHint) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 167.7, 147.2, 145.6, 144.8, 137.4, 135.8, 134.5, 131.2, 
129.7, 127.9, 120.8, 105.0, 104.9, 104.8, 104.6, 103.7, 50.8, 41.9 
19F-NMR (564 MHz, DMSO-d6, 298 K) , ppm: -143.7 (d, 6F, Fo), -162.6 (m, 6F, Fm) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 417; Q bands, 517, 554, 581, 637; Log 417: 5.42  
ESI-MS (-ve) (m/z): 413.46 [M – 3Na]3-/3; 620.05 [M + H – 3Na]2-/2; 1241.22 [M + 2H – 3Na]- 
HPLC (method B), tR: 10.34 min 
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Synthesis of N,N-dibutylanilinium chloride (103) 
 
N,N-dibutylaniline (5 mL, 40 mmol) 104 was poured in a 25-mL round bottom flask equipped with a 
magnetic stirrer. HCl in 2-propanol (15 mL) was slowly added to the stirring solution. The reaction was 
left stirring at room temperature for 1 hour. The solvent was then removed under reduced pressure, 
and diethyl ether (50 mL) was added, causing the product to precipitate and to be collected by paper 
filtration. The desired product was collected as a white powder after further washing with diethyl 
ether. (103) (9.67 g, 40 mmol, quantitative yield) 
1H-NMR (300 MHz, D2O, 298 K) , ppm: 7.59 (br m, 5H, Ar-H), 3.57 (t, 6H, Bu), 3.27 (s, 2H, Bu), 1.57 
(br s, 2H, N+H), 1.31 (br s, 6H, Bu). 0.85 (t, 6H, CH3-Bu) 
ESI-MS (+ve) (m/z): 207.20 [M+H]+ 
Synthesis of N,N,N-dibutylmethylanilinium nitrate (106) 
 
N,N-dibutylaniline (1 mL, 4.66 mmol) 104 was dissolved in acetone (5 mL) in a 10-mL round bottom 
flask equipped with a magnetic stirrer. Methyl iodide (2.5 mL, 40 mmol) was then added and the 
reaction left stirring at 50 °C overnight. The solvent was then removed under reduced pressure, and 
the solid was dissolved in DCM, precipitated after the addition of diethyl ether (5 mL) and collected 
by paper filtration. The product was dissolved in water (10 mL) and silver nitrate was added. After 
filtration of the yellow precipitate, the desired product was collected as a white powder after further 
washing with diethyl ether. (106) (9.67 g, 40 mmol, quantitative yield) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 7.86 (d, 2H, Ar-H), 7.55-7.67 (m, 5H, Ar-H), 3.95-4.04 
(m, 2H, Bu), 3.75-3.85 (m, 2H, Bu), 3.54 (s, 3H, Me), 1.52-1.66 (m, 2H, Bu), 1.13-1.31 (m, 4H, Bu), 
0.93-1.08 (m, 2H, Bu), 0.80 (t, 6H, CH3-Bu) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 137.8, 130.3, 121.9, 58.3, 26.7, 19.1, 12.3  
ESI-MS (+ve) (m/z): 220.19 [M]+ 
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Synthesis of N-(tert-butoxycarbonyl)ethanolamine (113) 
 
 
 
Ethanolamine (3 mL, 49.7 mmol) was dissolved in a 1 neck 100 mL round bottom flask in THF (30 mL). 
25 mL of 2M solution of NaOH in water was added, and the mixture was cooled down in an ice bath 
for 30min while stirring. Then di-tert-butyl dicarbonate (14 mL, 61 mmol, 1.2 eq) was slowly added to 
the mixture that was left stirring at room temperature overnight. The mixture is filtrated on paper. 
The desired product was collected as a light brown oil after further crystallisation from methanol–
diethyl ether. (8 g, 49 mmol, 100%) 
1H-NMR (300 MHz, CDCl3, 298 K) , ppm: 5.07 (br s, 1H, NHBoc), 3.66 (t, 2H, J=5.4 Hz , CH2OH), 3.25 
(dd, 2H, J=5.4 Hz, J=10.5 Hz, CH2NHBoc), 2.92 (br s, 1H, OH), 1.43 (s, 9H, NHBoc) 
13C-NMR (150 MHz, CDCl3, DEPTQ, 298 K) , ppm: 156.3, 78.6, 61.0, 42.5, 27.9 
ESI-MS (+ve) (m/z): 162.13 [M+H]+ 
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Synthesis of {5-(4-carboxyphenyl)-10,15,20-tris[4-(2-(tert-butoxycarbonyl)amino)ethoxy-2,3,5,6-
tetrafluorophenyl]porphyrin} (116) 
 
Compound 99 (780 mg, 0.83 mmol) was dissolved in dry-DMSO (20 mL) in a 50-mL round bottom flask 
while stirring. Compound 113 (2.5 mL, 15.9 mmol) was added to the mixture. Lithium hydroxyde (380 
mg, 15.9 mmol, 30 equivalents) was triturated in a mortar and then added. The flask was sealed with 
a rubber septum and flushed with argon for 10 min. The solution was left stirring overnight at 33°C in 
a water bath. The mixture was poured in 300 mL of brine solution, causing the porphyrin to precipitate 
and to be collected by filtration on paper. The filtrate was dissolved in ethyl acetate, washed with 
water (500 mL) and dried over anhydrous Na2SO4. The organic phase was separated and the solvent 
was then removed under reduced pressure. The desired product was isolated by flash 
chromatography (silica, eluent: AcOEt/hexane 2:3, then increased to 3:2, then pure AcOEt). The solid 
was then re-crystallised form CH2Cl2/hexane as a brown solid. (116) (824 mg, 0.61 mmol, 73 %) 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 8.88-8.92 (br m, 8H, -H), 8.59 (br s, 2H, Ar-Ho), 8.36 (br s, 
2H, Ar-Hm), 5.24 (br s, 3H, NHBoc), 4.66 (br s, 6H, OCH2), 3.75 (br s, 6H, CH2NHBoc), 1.54 (s, 27H, tBu) 
-2.83 (br s, 2H, NHint) 
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 170.8, 156.2, 147.7, 146.8, 146.1, 141.9, 141.8, 140.3, 
140.2, 138.5, 134.8, 129.6, 128.8, 121.2, 114.9, 114.7, 114.6, 104.1, 103.2, 80.1, 74.8, 40.96, 28.6 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -138.3 (d, 2F, J=16.8 Hz, Fo), -138.5 (d, 4F, J=16.8 Hz, Fo), -
157.2 (br s, 6F, Fm) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 417; Q bands, 512, 588, 646; Log 417: 5.56  
ESI-MS (+ve) (m/z): 677.22 [M + 3H]2+/2; 1353.34 [M + 2H]+ 
247 
 
Synthesis of {5-(4-carboxyphenyl)-10,15,20-tris[4-(2-(N,N,N-trimethylaminium)ethoxy-2,3,5,6-
tetrafluorophenyl]porphyrinato} trichloride (117) 
 
Compound 119 (500 mg, 0.38 mmol) was dissolved in water (80 mL) in a 250-mL round bottom flask. 
Concentrated HCl (20 mL) was added. The reaction was then heated to 60 °C overnight, and monitored 
with mass spectrometry. Once the solution was cooled down to room temperature, the solvent was 
removed under reduced pressure. The resulting solid was treated with sodium hexafluorophosphate, 
to induce precipitation of the title compound. The resulting suspension was centrifuged and the 
precipitate was re-dissolved in acetone (200 mL) and treated with 10 % TBAC in acetone, leading to 
flocculation of the title compound. The resulting suspension was centrifuged and the desired product 
was isolated after crystallisation from methanol–diethyl ether (117). (479 mg, 0.37 mmol, 98 %). 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 13.36 (br s, 1H, COOH), 9.37 (br s, 4H, -H), 9.26 (br s, 
2H, -H), 8.99 (br s, 2H, -H), 8.43 (s, 4H, Ar-Ho + Ar-Hm), 5.17 (br s, 6H, OCH2), 4.13 (br s, 6H, 
CH2NMe3), 3.41 (s, 27H, NCH3) -3.07 (br s, 2H, NHint) 
13C-NMR (150 MHz, CDCl3, DEPTQ, 298 K) , ppm: 167.4, 147.0, 145.4, 144.7, 141.5, 139.9, 137.4, 
134.6, 130.8, 128.0, 121.6, 113.5, 113.4, 113.2, 107.0, 103.5, 102.5, 68.6, 64.8, 53.2 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -141.0 (d, 6F, Fo), -156.6 (d, 6F, Fm) 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 412; Q bands, 513, 581; Log 412: 5.41 
ESI-MS (+ve) (m/z): 393.39 [M – 3Cl]3+/3; 590.09 [M – H – 3Cl]2+/2 
HPLC (method A), tR: 6.33 
248 
 
Synthesis of {5-(4-carboxyphenyl)-10,15,20-tris[4-(2-(tert-butoxycarbonyl)amino)ethoxy-2,3,5,6-
tetrafluorophenyl]porphyrinato} tri(trifluoroacetate) (118) 
 
Compound 116 (500 mg, 0.37 mmol) was dissolved in chloroform (150 mL) in a 250-mL round bottom 
flask while stirring. The mixture was cooled down in an ice bath and TFA (5 mL, 65 mmol) was added. 
The solution was allowed to warm up to room temperature and stirred for 2 hours. The desired 
product was isolated by solvent removal under reduced pressure as a purple/bluish shiny crystal. (118) 
(390 mg, 0.37 mmol, quantitative yield) 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 13.51 (br s, 1H, COOH), 9.00-9.34 (m, 8H, -H), 8.43 (s, 4H, 
Ar-Ho + Ar-Hm), 8.34 (br s, 9H, NH3), 4.81 (m, 6H, OCH2), 3.50 (m, 6H, CH2NH2), -3.07 (br s, 2H, NHint) 
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 167.5, 158.6, 158.4, 158.2, 158.0, 147.1, 145.5, 144.7, 
141.7, 140.0, 139.9, 137.7, 134.6, 130.8, 128.0, 121.6, 118.9, 117.0, 115.0, 113.6, 113.5, 113.4, 
113.1, 103.6, 102.5, 71.6, 40.1 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -74.5 (s, CF3COO-), -140.8 (m, 6F, Fo), -156.8 (d, 6F, J=21.4 
Hz, Fm) 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 412; Q bands, 514, 580; Log 412: 5.30  
ESI-MS (+ve) (m/z): 351.65 [M – 3CF3COO]3+/3; 526.55 [M – H – 3CF3COO]2+/2; 1051.01 [M – 2H – 
3CF3COO]+ 
HPLC (method A), tR: 6.12 
249 
 
Synthesis of {5-(4-carboxymethylphenyl)-10,15,20-tris[4-(2-(N,N,N-trimethylaminium)ethoxy-2,3,5,6-
tetrafluorophenyl]porphyrinato} trichloride (119) 
 
Compound 118 (500 mg, 0.39 mmol) was dissolved in NMP (20 mL) in a 50-mL round bottom flask, 
sealed with a rubber septum and flushed with argon for 10 minutes, while cooling down in an ice bath. 
Methyl iodide (2.3 mL, 37 mmol) was mixed with NMP (5mL) and slowly added with a syringe to the 
mixture while stirring. The reaction was then heated to 40 °C overnight. Once the solution was cooled 
down to room temperature, brine (200 mL) was added to the mixture and the resulting suspension 
was filtrated through paper. The filtrate was dissolved in acetone (200 mL) and treated with 10 % TBAC 
in acetone, to induce precipitation of the title compound. The resulting suspension was centrifuged 
and the desired product was isolated after further crystallisation from methanol–diethyl ether (119). 
(486 mg, 0.37 mmol, 96 %). 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 8.97-9.39 (m, 8H, -H), 8.44 (br s, 4H, Ar-Ho + Ar-Hm), 
5.19 (br s, 6H, OCH2), 4.16 (br s, 6H, CH2NMe3), 4.05 (br s, 3H, COOCH3), 3.43 (s, 27H, NMe3) -3.08 (br 
s, 2H, NHint) 
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 166.4, 147.0, 145.4, 145.1, 141.4, 139.9, 137.4, 134.7, 
129.6, 127.8, 121.2, 113.5, 113.3, 113.2, 113.1, 113.0, 103.6, 102.6, 53.2, 52.5, 40.0 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -141.0 (d, 6F, Fo), -156.6 (d, 6F, Fm) 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 412; Q bands, 514, 580; Log 412: 5.26 
ESI-MS (+ve) (m/z): 398.29 [M – 3Cl]3+/3 
HPLC (method A), tR: 6.57 
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Synthesis of {5-(4-carboxyphenyl)-10,15,20-tris[4-(2-(N,N,N-trimethylaminium)ethoxy-2,3,5,6-
tetrafluorophenyl]porphyrinato} palladium (II) trichloride (120) 
 
Compound 117 (100 mg, 0.078 mmol) was dissolved in water (50 mL) in a 100-mL round bottom flask, 
equipped with a condenser. Palladium acetate (175 mg, 0.78 mmol) was dissolved under sonication in 
methanol (5 mL) and then added to the mixture. The reaction was then heated to reflux and monitored 
with mass spectrometry. Once the solution was cooled down to room temperature, the solvent was 
removed under reduced pressure and the resulting solid was dissolved in methanol and filtrated 
through celite. Subsequently, the solvent was removed under reduced pressure and the crude re-
dissolved in water. The resulting solution was treated with sodium hexafluorophosphate, to induce 
precipitation of the title compound. The resulting suspension was centrifuged and the precipitate was 
re-dissolved in acetone (200 mL) and treated with 10 % TBAC in acetone, leading to flocculation of the 
title compound. The resulting suspension was centrifuged and the desired product was isolated after 
further crystallisation from methanol–diethyl ether (120). (88 mg, 0.064 mmol, 82 %). 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 13.68 (br s, 1H, COOH), 9.33 (br dd, 4H, J=4.2 Hz, J=9.6 
Hz, -H), 9.21 (br d, 2H, J=4.8 Hz, -H), 8.95 (br d, 2H, J=4.8 Hz, -H), 8.40 (br d, 2H, J=7.8 Hz, Ar-Hm), 
8.34 (br d, 2H, J=7.8 Hz, Ar-Ho), 5.16 (br s, 6H, OCH2), 4.12 (br s, 6H, CH2NMe3), 3.40 (d, 27H, NCH3) 
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 167.7, 146.9, 145.3, 141.7, 141.5, 141.3, 141.2, 141.2, 
139.9, 139.8, 137.4, 134.0, 133.0, 132.3, 132.0, 131.1, 127.9, 113.0, 112.9, 112.9, 105.5, 104.7, 68.6, 
64.8, 53.2 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -140.8 (d, 6F, Fo), -156.5 (d, 6F, Fm) 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 408; Q bands, 522, 556; Log 408: 5.21 
ESI-MS (+ve) (m/z): 428.24 [M – 3Cl]3+/3 
HPLC (method A), tR: 6.32 
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Synthesis of {5-(4-carboxyphenyl)-10,15,20-tris[4-(2-sulphonatoethyl)amino-2,3,5,6-
tetrafluorophenyl]porphyrinato}palladium (II) trisodium (121) 
 
Compound 102 (100 mg, 0.076 mmol) was dissolved in water (10 mL) in a 35-mL microwave vial. 
Palladium acetate (171 mg, 0.23 mmol) was dissolved in methanol (3 mL) and added to the solution 
while stirring. The resulting mixture was flushed with argon for 10 minutes and exposed to microwave 
heating (110 °C, 250 W, 15 minutes). Once the solution was cooled down to room temperature, it was 
diluted with water (30 mL) and filtered through celite. The filtrate was treated with compound 103, 
to induce precipitation of the title compound. The resulting suspension was centrifuged and the 
precipitate was re-dissolved in acetone (40 mL). The resulting mixture was treated with sodium 
hexafluorophosphate, leading to flocculation of the title compound, successively centrifuged and 
collected after further crystallisation from methanol–diethyl ether (121). (90 mg, 0.063 mmol, 84 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 12.64 (br s, 1H, COOH), 8.87-9.20 (m, 8H, -H), 8.39 (2d 
into br s, 4H, Ar-Ho + Ar-Hm), 6.68 (br s, 3H, Ar-NH), 3.93 (d into s, 6H, CH2SO3), 2.98 (d into s, 6H, 
NHCH2) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 167.4, 147.1, 145.5, 144.6, 142.1, 141.7, 140.9, 137.3, 
135.8, 134.2, 132.5, 132.1, 131.9, 131.3, 130.8, 129.8, 128.0, 122.2, 106.6, 105.9, 104.4, 50.8, 41.9 
19F-NMR (564 MHz, DMSO-d6, 298 K) , ppm: -142.9 (br s, 6F, Fo), -160.7 (br s, 6F, Fm) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 413; Q bands, 523, 555; Log 413: 5.29  
ESI-MS (-ve) (m/z): 336.30 [M – H – 3Na]4-/4; 448.04 [M – 3Na]3-/3 
HPLC (method B), tR: 10.03 
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Synthesis of bis(benzonitrile)dichloroplatinum (II) (123) 
Pt(PhCN)2Cl2 
Platinum bis(benzonitrile)dichloride (1.6 g, 6 mmol) 122 was dissolved in benzonitrile (50 mL) a 25-mL 
round bottom flask equipped with a magnetic stirrer. The reaction was heated to 100 °C for 4 hours. 
The solution was then filtered and the filtrate was collected. Hexane (200 mL) was then added to the 
solution, causing the product to precipitate and to be collected by paper filtration. The desired product 
was collected as a yellow powder after further washing with hexane. (123) (2.52 g, 5.35 mmol, 89 %) 
ESI-MS (+ve) (m/z): 472.02 [M+H]+ 
Synthesis of platinum diaqua(DMSO) (125) 
Pt(DMSO)2(H2O)2 
Platinum dichloride (400 mg, 0.85 mmol) 122 was dissolved in DMSO (30 mL) a 10-mL round bottom 
flask equipped with a magnetic stirrer and stirred for 3 hours. After this time silver nitrate (288 mg, 
1.7 mmol) was dissolved in H2O (7 mL) and added to the stirring solution. The mixture was stirred for 
further 4 hours protected from light, filtered and employed immediately for the metal insertion. (125) 
(2.52 g, 5.35 mmol, 89 %) 
  
253 
 
Synthesis of {5-(4-carboxyphenyl)-10,15,20-tris[4-(2-sulphonatoethyl)amino-2,3,5,6-
tetrafluorophenyl]porphyrinato}platinum (II) trisodium (126) 
 
Compound 125 (217 mg, 0.46 mmol) was dissolved in DMSO (1.5 mL) and stirred at room temperature 
for 3 hours. Silver nitrate (156 mg, 0.92 mmol) and water (11.5 mL) were added to mixture, protected 
from light with tin foil, and stirred at room temperature for 3 hours. The mixture was subsequently 
centrifuged and then filtered to remove all silver chloride formed. The solution was transferred in a 
35-mL microwave vial and compound 102 (200 mg, 0.15 mmol) was then added while stirring. The 
resulting mixture was flushed with argon for 10 minutes and exposed to microwave heating (200 °C, 
300 W, 20 minutes). Once the solution was cooled down to room temperature, it was diluted with 
water (30 mL) and filtered through celite. The filtrate was treated with compound 103, to induce 
precipitation of the title compound. The resulting suspension was centrifuged and the precipitate was 
re-dissolved in acetone (40 mL). The resulting mixture was treated with sodium hexafluorophosphate, 
leading to flocculation of the title compound, successively centrifuged and collected after further 
crystallisation from methanol–diethyl ether (126). (215 mg, 0.14 mmol, 94 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 8.81-9.18 (br m, 8H, -H), 8.39 (br s, 4H, Ar-Ho + Ar-Hm), 
6.69 (s, 3H, Ar-NH), 3.92 (br s, 6H, CH2SO3), 2.98 (br s, 6H, NHCH2) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 167.4, 147.1, 145.5, 144.6, 142.1, 141.7, 140.9, 137.3, 
1353.8, 134.2, 132.5, 132.1, 131.9, 131.3, 130.8, 129.8, 127.9, 122.2, 106.6, 105.9, 104.4, 50.8, 41.9 
19F-NMR (564 MHz, DMSO-d6, 298 K) , ppm: -142.9 (br s, 6F, Fo), -160.8 (br s, 6F, Fm) 
m.p. (°C): > 300  
UV-Vis (CH2Cl2, nm) max: Soret, 399; Q bands, 511, 543; Log 399: 5.18 
ESI-MS (-ve) (m/z): 477.56 [M – 3Na]3-/3; 717.90 [M + H – 3Na]2-/2;  
HPLC (method B), tR: 10.19 min 
254 
 
Synthesis of [5-(4-carboxyphenyl)-10,15,20-tris(4-methyl-pyridinium)porphyrinato]indium chloride 
(III) trichloride (127) 
 
Compound 73 (200 mg, 0.25 mmol) was dissolved in water (40 mL) in a 100-mL round bottom flask. 
Indium chloride (166 mg, 0.75 mmol) was added, and the solution was heated to reflux overnight. 
Once the solution was cooled down to room temperature, it was filtered through celite. The filtrate 
was diluted with water (40 mL) and treated with sodium hexafluorophosphate, to induce precipitation 
of the title compound. The resulting suspension was centrifuged and the precipitate was re-dissolved 
in acetone (40 mL). The resulting mixture was treated with 10 % TBAC in acetone, leading to 
flocculation of the title compound, successively centrifuged and collected after further crystallisation 
from methanol–diethyl ether. (127) (235 mg, 0.24 mmol, 98 %) 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 13.29 (br s, 1H, OH), 9.52 (d into br s, 6H, Py-Hm), 8.98-9.28 
(m, 14H, Py-Ho + -H), 8.35-8.44 (d, 4H, Ar-Ho + Ar-Hm), 4.74 (s, 9H, NCH3) 
13C-NMR (75 MHz, DMSO-d6, DEPTQ, 298 K) , ppm: 167.5, 156.1, 143.7, 141.4, 140.0, 139.9, 139.7, 
133.0, 132.9, 132.4, 131.7, 131.6, 131.5, 128.0, 117.1, 116.6, 47.7 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 419; Q bands, 529, 565; Log 419: 5.29 
ESI-MS (+ve) (m/z): 284.69 [M – 3Cl]3+/3; 426.52 [M – H – 3Cl]2+/2; 854.08 [M – 3Cl]+ 
HPLC (method A), tR: 1.39 min 
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Synthesis of [5-(4-carboxyphenyl)-10,15,20-tris(4-sulphonatophenyl)porphyrinato]indium (III) 
chloride trisodium (128) 
 
Compound 76 (100 mg, 0.10 mmol) was dissolved in water (10 mL) in a 35-mL microwave vial. Indium 
chloride (69 mg, 0.31 mmol) was added to the solution while stirring. The resulting mixture was 
flushed with argon for 10 minutes and exposed to microwave heating (120 °C, 250 W, 15 minutes). 
Once the solution was cooled down to room temperature, it was diluted with water (30 mL) and 
filtered through celite. The filtrate was treated with compound 103, to induce precipitation of the title 
compound. The resulting suspension was centrifuged and the precipitate was re-dissolved in acetone 
(40 mL). The resulting mixture was treated with sodium hexafluorophosphate, leading to flocculation 
of the title compound, successively centrifuged and collected after further crystallisation from 
methanol–diethyl ether (128). (95 mg, 0.08 mmol, 83 %) 
1H-NMR (300 MHz, DMSO-d6, 298 K) , ppm: 13.22 (br s, 1H, COOH), 9.07-9.11 (m, 8H, -H), 8.43 (q, 
4H, 5-Ar-Ho + 5-Ar-Hm), 8.25 (d, 6H, J=8.1 Hz, 10,15,20-Ar-H3,5), 8.11 (d, 6H, J=7.8 Hz, 10,15,20-Ar-
H2,6) 
13C-NMR (75 MHz, DMSO-d6, DEPTQ, 298 K) , ppm: 167.5, 148.2, 148.1, 148.0, 147.6, 145.4, 141.0, 
134.8, 134.1, 133.4, 133.1, 130.7, 128.0, 124.3, 121.8, 121.6, 120.6 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 412; Q bands, 526; Log 412: 5.30  
ESI-MS (-ve) (m/z): 347.73 [M – 3Na]3-/3 
HPLC (method B), tR: 8.43 min 
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Synthesis of [5,10,15,20-tetrakis(4-methyl-pyridinium)porphyrin] zinc (II) tetrachloride (130) 
 
Compound 51 (208 mg, 0.25 mmol) was dissolved in water (40 mL) in a 100-mL round bottom flask. 
Zinc acetate (280 mg, 1.27 mmol) was added to the solution while stirring. The resulting mixture was 
heated to reflux overnight. Once the solution was cooled down to room temperature, it was diluted 
with water (120 mL) and treated with sodium hexafluorophosphate, to induce precipitation of the title 
compound. The resulting suspension was centrifuged and the precipitate was re-dissolved in acetone 
(40 mL). The resulting mixture was treated with 10 % TBAC in acetone, leading to flocculation of the 
title compound, successively centrifuged and collected after further crystallisation from methanol–
diethyl ether. (130) (188 mg, 0.21 mmol, 84 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 9.46 (d, 6H, J=6.6 Hz, Py-Hm), 9.01 (br s, 8H, -H), 8.88 
(d, 8H, J= 6.6 Hz, Py-Ho), 4.73 (s, 12H, NCH3) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 158.2, 148.4, 143.7, 132.4, 132.0, 115.9, 47.7  
UV-Vis (H2O, nm) max: Soret, 439; Q bands, 567, 612; Log 439: 5.27 
ESI-MS (+ve) (m/z): 185.01 [M –  4Cl]4+/4; 246.34 [M – H –  4Cl]3+/3; 370.05 [M –2H – 4Cl]2+/2 
HPLC (method A), tR: 1.21 min 
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Synthesis of [5,10,15,20-tetrakis(4-methyl-pyridinium)porphyrin] iron (III) tetrachloride (131) 
 
Compound 51 (140 mg, 0.17 mmol) was dissolved in water (40 mL) in a 100-mL round bottom flask. 
Iron dichloride tetrahydrate (170 mg, 0.85 mmol) was added to the solution while stirring. The 
resulting mixture was heated to reflux overnight. Once the solution was cooled down to room 
temperature, it was diluted with water (120 mL) and treated with sodium hexafluorophosphate NaPF6, 
to induce precipitation of the title compound. The resulting suspension was centrifuged and the 
precipitate was re-dissolved in acetone (40 mL). The resulting mixture was treated with 10 % TBAC in 
acetone, leading to flocculation of the title compound, successively centrifuged and collected after 
further crystallisation from methanol–diethyl ether. (131) (122 mg, 0.13 mmol, 78 %) 
UV-Vis (H2O, nm) max: Soret, 426; Q bands, 600, 641; Log 426: 4.77 
ESI-MS (+ve) (m/z): 255.66 [M – H – 4Cl]3+/3 
HPLC (method A), tR: 1.30 min 
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Synthesis of {5-[4-(N-succinimidyloxycarbonyl)phenyl]-10,15,20-tris(4-methyl-
pyridinium)porphyrinato}platinum (II) trichloride (132) 
 
Compound 74 (99 mg, 0.09 mmol) and N-hydroxysuccinimide (115 mg, 1.0 mmol) were dissolved in 
DMSO (10 mL) in a 20-mL vial equipped with magnetic stir bar. 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (192 mg, 1.0 mmol) was then added to the mixture. 
The reaction was heated to 40 °C for 24 hours. Once the solution was cooled down to room 
temperature, the mixture was diluted with water (40 mL) and treated with sodium 
hexafluorophosphate, to induce precipitation of the title compound. The resulting suspension was 
centrifuged and the precipitate was re-dissolved in acetone (40 mL). The resulting mixture was treated 
with 10 % TBAC in acetone, leading to flocculation of the title compound, successively centrifuged and 
collected after further crystallisation from methanol–diethyl ether. (132) (85 mg, 0.077 mmol, 86 %) 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 9.51 (d into s, 6H, Py-Hm), 8.97-9.04 (m, 14H, Py-Ho + -H), 
8.58 (d, 2H, Ar-H), 4.73 (s, 9H, NCH3), 3.01 (s, 4H, NHS-CH2) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 170.4, 161.9, 160.4, 155.4, 144.5, 140.5, 139.2, 139.0, 
134.5, 131.6, 129.0, 117.8, 47.8, 25.7 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 404; Q bands, 515, 548; Log 404: 5.29 
ESI-MS (+ve) (m/z): 332.27 [M – 3Cl]3+/3; 497.90 [M – H – 3Cl]2+/2,  
HPLC (method A), tR: 5.43 min 
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Synthesis of {5-[4-(N-succinimidyloxycarbonyl)phenyl]-10,15,20-tris(4-methyl-
pyridinium)porphyrinato}palladium (II) trichloride (133) 
 
Compound 75 (10 mg, 0.011 mmol) and N-hydroxysuccinimide (25 mg, 0.22 mmol) were dissolved in 
DMSO (5 mL) in a 10-mL vial equipped with magnetic stir bar. 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (42 mg, 0.22 mmol) was then added to the mixture. 
The reaction was heated to 40 °C for 24 hours. Once the solution was cooled down to room 
temperature, the mixture was diluted with water (40 mL) and treated with sodium 
hexafluorophosphate, to induce precipitation of the title compound. The resulting suspension was 
centrifuged and the precipitate was re-dissolved in acetone (40 mL). The resulting mixture was treated 
with 10 % TBAC in acetone, leading to flocculation of the title compound, successively centrifuged and 
collected after further crystallisation from methanol–diethyl ether. (133) (8.6 mg, 0.0086 mmol, 78 %) 
1H-NMR (600 MHz, CDCl3, 298 K) , ppm: 9.51 (d into s, 6H, Py-Hm), 8.98-9.11 (m, 14H, Py-Ho + -H), 
8.58 (d, 2H, J=8.4 Hz, Ar-Ho), 8.46 (d, 2H, J=8.4 Hz, Ar-Hm), 4.73 (s, 9H, NCH3), 3.02 (br s, 4H, NHS-CH2) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 170.5, 155.9, 144.3, 141.1, 139.9, 139.7, 134.7, 132.1, 
128.9, 117.2, 47.8, 25.7 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 419; Q bands, 528, 563; Log 419: 5.01 
ESI-MS (+ve) (m/z): 302.56 [M – 3Cl]3+/3; 453.36 [M – H – 3Cl]2+/2 
HPLC (method A), tR: 5.45 min 
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Synthesis of {5-[4-(N-succinimidyloxycarbonyl)phenyl]-10,15,20-tris(4-
sulphonatophenyl)porphyrinato}platinum (II) trichloride (134) 
 
Compound 77 (110 mg, 0.095 mmol) and N-hydroxysuccinimide (115 mg, 1.0 mmol) were dissolved in 
DMSO (5 mL) in a 10-mL vial equipped with stir bar. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (192 mg, 1.0 mmol) was then added to the mixture. The reaction was heated to 40 °C 
for 24 hours. Once the solution was cooled down to room temperature, it was diluted with water (40 
mL) and filtered through celite. The filtrate was treated with compound 103, to induce precipitation 
of the title compound. The resulting suspension was centrifuged and the precipitate was re-dissolved 
in acetone (40 mL). The resulting mixture was treated with sodium hexafluorophosphate, leading to 
flocculation of the title compound, successively centrifuged and collected after further crystallisation 
from methanol–diethyl ether.  (134) (87 mg, 0.069 mmol, 72 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 8.78-8.81 (m, 8H, -H), 8.53 (d, 2H, J=7.8 Hz, 5-Ar-Ho), 
8.48 (d, 2H, J=7.8 Hz, 5-Ar-Hm), 8.14 (d, 6H, J=7.2 Hz, 10,15,20-Ar-H3,5), 8.05 (d, 6H, J=7.8 Hz, 
10,15,20-Ar-H2,6), 3.00 (br s, 4H, NHS-CH2) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 170.4, 162.0,  148.1, 140.2, 140.2, 140.1, 139.4, 134.6, 
133.1, 131.3, 131.1, 130.9, 128.8, 124.3, 122.2, 25.7, 25.2 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 399; Q bands, 511; Log 419: 5.26 
ESI-MS (-ve) (m/z): 394.73 [M – 3Na]3-/3; 592.60 [M + H – 3Na]2-/2 
HPLC (method B), tR: 10.16 
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Synthesis of {5-[4-(N-succinimidyloxycarbonyl)phenyl]-10,15,20-tris(4-
sulphonatophenyl)porphyrinato}palladium (II) trichloride (135) 
 
Compound 78 (100 mg, 0.094 mmol) and N-hydroxysuccinimide (216 mg, 1.88 mmol) were dissolved 
in DMSO (5 mL) in a 10-mL vial equipped with stir bar. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (360 mg, 1.88 mmol) was then added to the mixture. The reaction was heated to 40 °C 
for 24 hours. Once the solution was cooled down to room temperature, it was diluted with water (40 
mL) and treated with compound 103, to induce precipitation of the title compound. The resulting 
suspension was centrifuged and the precipitate was re-dissolved in acetone (40 mL). The resulting 
mixture was treated with sodium hexafluorophosphate, leading to flocculation of the title compound, 
successively centrifuged and collected after further crystallisation from methanol–diethyl ether. (135) 
(78 mg, 0.067 mmol, 71 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 8.78-8.87 (m, 8H, -H), 8.53 (d, 2H, J=7.8 Hz, 5-Ar-Ho), 
8.48 (d, 2H, J=7.8 Hz, 5-Ar-Hm), 8.15 (d, 6H, J=7.2 Hz, 10,15,20-Ar-H3,5), 8.04 (d, 6H, J=7.8 Hz, 
10,15,20-Ar-H2,6), 3.00 (br s, 4H, NHS-CH2) 
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 170.4, 162.0, 148.1, 147.8, 141.0, 140.9, 140.8, 140.6, 
140.2, 134.8, 133.3, 131.6, 131.5, 131.4, 131.1, 128.7, 124.2, 121.8, 121.6, 119.8, 25.6, 25.2 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 412; Q bands, 527; Log 419: 5.07 
ESI-MS (-ve) (m/z): 364.85 [M – 3Na]3-/3; 548.76 [M + H – 3Na]2-/2 
HPLC (method B), tR: 10.01 min 
 
262 
 
Synthesis of {5-[4-(N-succinimidyloxycarbonyl)phenyl]-10,15,20-tris[4-(2-(N,N,N-
trimethylaminium)ethoxy-2,3,5,6-tetrafluorophenyl]porphyrinato} palladium (II) trichloride (136) 
 
Compound 120 (78 mg, 0.052 mmol) and N-hydroxysuccinimide (120 mg, 1.05 mmol) were dissolved 
in DMSO (5 mL) in a 10-mL vial equipped with stir bar. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (201 mg, 1.05 mmol) was then added to the mixture. The reaction was heated to 40 °C 
overnight. Once the solution was cooled down to room temperature, it was diluted with water (35 
mL) and treated with sodium hexafluorophosphate, to induce precipitation of the title compound. The 
resulting suspension was centrifuged and the precipitate was re-dissolved in acetone (80 mL). The 
resulting mixture was treated with 10 % TBAC in acetone, leading to flocculation of the title compound, 
successively centrifuged and collected after further crystallisation from methanol–diethyl ether. (136) 
(67 mg, 0.045 mmol, 87 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 9.33 (br dd, 4H, J=4.8 Hz, J=7.8 Hz, -H), 9.21 (br d, 2H, 
J=4.8 Hz, -H), 9.02 (br d, 2H, J=4.8 Hz, -H), 8.55 (br dd, 2H, Ar-Hm + Ar-Ho), 5.17 (br s, 6H, OCH2), 
4.11 (br s, 6H, CH2NMe3), 3.40 (d, 27H, NCH3), 3.02 (br s, 4H, NHS-CH2) 
13C-NMR (150 MHz, CDCl3, 298 K) , ppm: 170.5, 162.0, 146.9, 145.3, 141.7, 141.3, 141.0, 139.9, 
137.4, 134.9, 133.0, 132.3, 132.1, 131.3, 128.8, 124.6, 122.1, 105.6, 68.6, 64.8, 53.2, 25.7 
19F-NMR (564 MHz, CDCl3, 298 K) , ppm: -140.9 (t, 6F, Fo), -156.5 (d, 6F, Fm) 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 408; Q bands, 522, 556; Log 408: 4.77 
ESI-MS (+ve) (m/z): 460.64 [M – 3Cl]3+/3 
HPLC (method A), tR: 6.49 
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Synthesis of {5-[4-(N-succinimidyloxycarbonyl)phenyl]-10,15,20-tris[4-(2-sulphonatoethyl)amino-
2,3,5,6-tetrafluorophenyl]porphyrinato}platinum (II) trisodium (137) 
 
Compound 126 (150 mg, 0.1 mmol) and N-hydroxysuccinimide (23 mg, 2.0 mmol) were dissolved in 
DMSO (7 mL) in a 10-mL vial equipped with stir bar. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (383 mg, 2.0 mmol) was then added to the mixture. The reaction was heated to 40 °C 
for 24 hours. Once the solution was cooled down to room temperature, it was diluted with water (40 
mL) and filtered through celite. The filtrate was treated with compound 103, to induce precipitation 
of the title compound. The resulting suspension was centrifuged and the precipitate was re-dissolved 
in acetone (40 mL). The resulting mixture was treated with sodium hexafluorophosphate, leading to 
flocculation of the title compound, successively centrifuged and collected after further crystallisation 
from methanol–diethyl ether. (137) (145 mg, 0.091 mmol, 91 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 8.86-9.14 (m, 8H, -H), 8.53 (s, 4H, Ar-Ho + Ar-Hm), 6.67 
(s, 3H, Ar-NH), 3.91 (s, 6H, CH2SO3), 3.00 (s, 4H, NHS-CH2), 2.98 (br s, 6H, NHCH2)  
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 170.4, 162.0, 154.8, 154.6, 147.0, 145.5, 141.6, 141.2, 
140.0, 137.4, 135.9, 134.7, 128.8, 107.4, 107.1, 103.9, 50.8, 41.9, 40.4, 25.7 
19F-NMR (564 MHz, DMSO-d6, 298 K) , ppm: -143.0 (s, 6F, Fo), -160.7 (br s, 6F, Fm) 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 400; Q bands, 512, 544; Log 400: 5.10 
ESI-MS (+ve) (m/z): 384.49 [M – H – 3Na]4-/4; 509.66 [M – 3Na]3-/3; 765.00 [M + H – 3Na]2-/2; 
1531.08 [M + 2H – 3Na]- 
HPLC (method B), tR: 10.68 min 
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Synthesis of {5-[4-(N-succinimidyloxycarbonyl)phenyl]-10,15,20-tris[4-(2-sulphonatoethyl)amino-
2,3,5,6-tetrafluorophenyl]porphyrinato}palladium (II) trisodium (138) 
 
Compound 121 (128 mg, 0.091 mmol) and N-hydroxysuccinimide (207 mg, 1.8 mmol) were dissolved 
in DMSO (5 mL) in a 10-mL vial equipped with stir bar. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (345 mg, 1.8 mmol) was then added to the mixture. The reaction was heated to 40 °C 
for 24 hours. Once the solution was cooled down to room temperature, it was diluted with water (40 
mL) and filtered through celite. The filtrate was treated with compound 103, to induce precipitation 
of the title compound. The resulting suspension was centrifuged and the precipitate was re-dissolved 
in acetone (40 mL). The resulting mixture was treated with sodium hexafluorophosphate, leading to 
flocculation of the title compound, successively centrifuged and collected after further crystallisation 
from methanol–diethyl ether. (138) (100 mg, 0.066 mmol, 73 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 8.93-9.22 (br m, 8H, -H), 8.54 (2d into br s, 4H, Ar-Ho + 
Ar-Hm), 6.67 (s, 3H, Ar-NH), 3.91 (br s, 6H, CH2SO3), 3.01 (br s, 4H, NHS-CH2), 2.95 (br s, 6H, NHCH2)  
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 170.4, 147.1, 145.6, 142.1, 141.7, 137.3, 135.8, 1343.9, 
132.1, 131.8, 129.8, 104.4, 50.8, 42.0, 25.2 
19F-NMR (564 MHz, DMSO-d6, 298 K) , ppm: -142.9 (s, 6F, Fo), -160.8 (br s, 6F, Fm) 
m.p. (°C): > 300  
UV-Vis (H2O, nm) max: Soret, 413; Q bands, 525, 557; Log 413: 5.11 
ESI-MS (-ve) (m/z): 479.69 [M – 3Na]3-/3; 720.04 [M + H – 3Na]2-/2; 1441.16 [M + 2H – 3Na]- 
HPLC (method B), tR: 9.84 min 
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Synthesis of conjugate Duramycin-[5-(4-carboxyphenyl)-10,15,20-tris(4-methyl-
pyridinium)porphyrin] trichloride (140) 
 
Duramycin B (10 mg, 4.97·10-3 mmol) was dissolved in 1 mL of DMSO directly in the bottle as received. 
139 (14 mg, 1.5·10-2 mmol) was dissolved in 200 l of DMSO in a vial, and the two solutions were mixed 
together in a vial and left on a rotating shaker for 48 hours at room temperature. The progression of 
the conjugation was monitored by LC-MS. After 48 hours, the reaction was transferred in an incubator 
at 37 °C for 2 hours and 30 minutes. After 72 hours the reaction was stopped adding DCM to the mix 
and filtrating on paper the resulting precipitate (140). 
ESI-MS (+ve) (m/z): 539.90 [M + 2H – 3Cl]5+/5; 674.62 [M + H – 3Cl]4+/4; 899.49 [M – 3Cl]3+/3; 
1348.19 [M – H – 3Cl]2+/2 
HPLC (Method A), tR: 5.70 min 
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Synthesis of conjugate deferoxamine-[5-(4-carboxyphenyl)-10,15,20-tris(4-methyl-
pyridinium)porphyrinato] indium (III) trichloride (141) 
 
127 (143 mg, 0.15 mmol) was dissolved in water (15 mL), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (287 mg, 1.5 mmol) and N-hydroxysuccinimide 
(173 mg, 1.5 mmol) were added to the mixture. The reaction was left stirring at 40 °C overnight. Once 
the mixture cooled down, deferoxamine B (276 mg, 0.42 mmol) was dissolved in water (5 mL) and 
added to the mixture. The reaction was left stirring at 40 °C overnight. Once the solution was cooled 
down to room temperature, it was diluted with water (80 mL) and treated with sodium 
hexafluorophosphate, to induce precipitation of the title compound. The resulting suspension was 
centrifuged and the precipitate was re-dissolved in acetone (40 mL). The resulting mixture was treated 
with 10 % TBAC in acetone, leading to flocculation of the title compound, successively centrifuged and 
collected after further crystallisation from methanol–diethyl ether. (141) (193 mg, 0.125 mmol, 83 %) 
1H-NMR (600 MHz, DMSO-d6, 298 K) , ppm: 9.54 (br s, 6H, Py-Hm), 8.99-9.28 (m, 14H, -H + Py-Ho), 
7.81-8.59 (m, 4H, Ar-H), 4.76 (s, 9H, NCH3), 1.21-4.08 (br m, 40H, deferoxamine part)  
13C-NMR (150 MHz, DMSO-d6, 298 K) , ppm: 172.0, 171.3, 170.1, 156.6, 148.3, 148.0, 146.9, 146.7, 
146.6, 146.5, 144.2, 135.2, 134.8, 134.4, 134.3, 134.0, 133.3, 133.0, 132.9, 132.6, 132.4, 128.5, 
127.7, 126.0, 116.3, 116.2, 115.7, 115.4, 52.2, 47.8, 47.1, 46.8, 38.6, 38.5, 38.4, 30.0, 28.8, 27.6, 
26.7, 26.0, 25.7, 23.5, 22.9, 20.4 
UV-Vis (H2O, nm) max: Soret, 428; Q bands, 562, 609: Log 428: 5.43 
ESI-MS (+ve) (m/z): 453.10 [M – 4Cl]3+/3 
HPLC (method A), tR: 6.49 
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Fibroin extraction from Bombyx mori cocoons 
 
20 g of Bombyx mori cocoon were cut in pieces and dissolved in 2 L of a 0.02 M solution of Na2CO3. 
The solution was left boiling for 30 minutes. The material was rinsed three times with deionized water. 
After drying, 16.0 g of raw fibres were dissolved in 80 mL of a 9.3 M solution of lithium bromide in 
water, in a 250-mL conical flask equipped with a magnetic stirrer. The reaction was left with a very 
slow stirring at 60 °C for 4 hours, time that resulted not enough to completely dissolve all the fibres. 
After the addition of 20 mL of a 9.3 M solution of lithium bromide, the reaction was left overnight at 
40 °C with a very slow stirring. The following day almost complete dissolution was observed, and the 
mixture was first cooled down and then centrifuged, to remove all the solid impurities. The 
supernatant was carefully transferred in a dialysis tube and dialyzed against water for 48 hours, until 
no traces of lithium bromine could be detected. silver nitrate was employed as indicator of the 
bromines presence in the mix, by precipitation of silver bromide, salt insoluble in water. After 
completion of dialysis process, the solution was stored in 50-mL Falcon vials in the fridge to avoid 
unwanted gelation process to happen. 
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Abbreviations 
 
Acac: acetylacetonate 
Boc: tert-butyloxycarbonyl group 
BPY: benzoperylene 
CDCl3: deuterated chloroform 
DBU: 1,8-Diazabicyclo[5.4.0]undec-7-ene 
DCY: decacyclene 
DDQ: 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 
DEPT-Q: Distortionless Enhancement by Polarization Transfer 
DMF: Dimethylformamide 
DMSO: dimethyl sulfoxide  
DMSO-d6: deuterated dimethyl sulfoxide  
FA: formic acid 
HMBC: Heteronuclear Multiple Quantum Coherence 
HPTS: 8-Hydroxypyrene-1,3,6-trisulphonic acid trisodium salt 
HSQC: Heteronuclear Single Quantum Correlation 
LED: light emitting diode 
LMOF: luminescent metal-organic framework 
MLCT: metal-ligand charge transfer 
NHS: N-hydroxysuccinimide  
NIR: Near infrared 
NMP: N-Methyl-2-pyrrolidone 
OEP: Octaethylporphyrin 
OEPK: octaethylporphyrinketone 
OOS: Optical Oxygen Sensing 
PAANPs: Polyacrylamide nanoparticles 
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PAHs: Polycyclic aromatic hydrocarbons 
PAN: polyacrylonitrile  
PDMS: Poly(dimethyl siloxane) 
PDT: photodynamic therapy 
PEG: polyethylene glycol  
PEMA: poly(ethyl methacrylate) 
PHEMA-co-PAM: poly(2-hydroxyethyl methacrylate)-co-poly(acrylamide) 
PMMA: poly(methyl methacrylate) 
PS: polystyrene 
Pt(Thpy): Cis-bis[2-(2′-thienyl)pyridine]platinum(II) 
PTC: Phase Transfer Catalyst  
PVA: Polyvinyl alcohol 
PVC: poly(vinyl chloride) 
QD: quantum dots 
q.y. : quantitative yield  
SDT: sonodynamic therapy  
TBAC: tetrabutylammonium chloride 
TCPP: Meso-tetra(4-carboxyphenyl)porphyrin 
TFA: trifluoroacetic acid 
TFPP: meso-tetrakis(pentafluorophenyl)porphyrin 
TFPPL: meso-tetrakis(pentafluorophenyl)porphyrin lactone 
THF: tetrahydrofuran  
TLC: Think Layer Chromatography  
TPTBP: meso-tetraphenyltetrabenzoporphyrin 
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